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Os cloropropanois resultan de gran interese, encóntranse dentro dos chamados contaminantes 
emerxentes, xa que se son usados en diversos procesos industriais e ademáis pódense formar 
durante a producción por distintos procesos os que están sometidos os alimentos dando lugar a su 
presencia en grande cantidade de alimentos procesados. Esto produce una grande exposición do 
ser humano a estos contaminantes cos seus posibles efectos tóxicos. Estos compostos presentan 
actividade genotóxica e mutaxénica, e unha controvertida carcinoxenicidade. 
A baixa concentración dos cloropropanois nas distintas matrices e súa relativa complexidade 
fan que o enriquecimento e a limpieza da mostra sexan pasos necesarios para a súa determinación. 
Hasta hoxe en día o método más usado para a determinación de estos compostos foi a extracción 
líquido-líquido (LLE) combinada coa extracción en fase sólida (SPE), estos métodos necesitan 
grande cantidade de disolventes orgánicos, adsorbentes como o Extrelut NT ademáis de ser 
tediosos e consumir moito tempo. Por outro lado, a determinación destos compuestos necesita 
dunha etapa de derivatización para a sua determinación mediante cromatografía de gases debido a 
sua elevada polaridade. A importancia que a preparación de mostra ten na análise química e a 
constante procura de metodologías de extracción máis sinxelas, sensibles, de baixo custo e con 
baixo consumo de disolventes motivou a realización desta Tese. Neste sentido, este traballo 
centróuse no desenvolvemento de metodoloxías analíticas para a determinación de cloropropanois 
en distintas mostras baseadas en técnicas de extracción nas que as súas principales características 
encóntranse dentro do contexto da Química Verde. Seleccionáronse varias técnicas como son: a 
extracción con líquidos presurizados (PLE) combinada coa derivatización in situ, a SPE usando 
cartuchos Oasis HLB, a microextracción en fase sólida e unha novedosa e rápida microextracción 
líquido-líquido dispersiva asistida por microondas (UA-DLLME), que integra a extracción e a 
derivatización dos analitos nunha única etapa. Todas estas técnicas de extracción combináronse 
coa cromatografía de gases-espectrometría de masas para a deteminación dos analitos debido a 
súa selectividade y sensibilidade. Todos estos métodos desenvolvidos aplicáronse con éxito a 
mostras reais. 
Palabras clave: cloropropanol, simultánea extracción e derivatización, GC-MS/MS, diseño 
experimental, diferentes matrices 
 
RESUMEN 
Los cloropropanoles son compuestos químicos que se encuentran dentro del grupo de 
contaminantes emergentes. Su estudio resulta de gran interés, ya que se son utilizados en diversos 
procesos industriales y además pueden ser formados durante el procesado de distintos alimentos. 
Esto produce una gran exposición del ser humano a estos contaminantes con sus posibles efectos 
tóxicos. Estos compuestos presentan actividad genotóxica y mutagénica, y una controvertida 
carcinogenicidad. 
 La baja concentración de los cloropropanoles en las distintas matrices y su relativa 
complejidad hacen que la extracción de la muestra y limpieza de los extractos sean pasos 
necesarios para su determinación. Hasta hoy en día el método más usado para la extracción de 
estos compuestos ha sido la extracción líquido-líquido (LLE) o líquido-sólido (LSE) combinada 
con la extracción en fase sólida (SPE), estos métodos utilizan gran cantidad de disolventes 
orgánicos, de adsorbentes como el Extrelut NT además de ser tediosos y consumir mucho tiempo. 
Por otro lado, debido a su elevada polaridad, la determinación de estos compuestos necesita de 
una etapa de derivatización para su determinación mediante cromatografía de gases. La 
importancia que la preparación de muestra tiene en el análisis químico, en constante evolución 
hacia metodologías de extracción más simples, sensibles, de bajo coste y con bajo consumo de 
disolventes, motivó la realización de esta Tesis. En este sentido, este trabajo se centró en el 
desarrollo de metodologías analíticas para la determinación de cloropropanoles en distintas 
muestras basadas en técnicas de extracción cuyas principales características se adentran en el 
contexto de la Química Verde. Se han seleccionado varias técnicas como son: la extracción con 
líquidos presurizados (PLE) combinada con la derivatización in situ, la SPE usando cartuchos 
Oasis HLB, la microextracción en fase sólida y una novedosa y rápida microextracción líquido-
líquido dispersiva asistida por microondas (UA-DLLME), que integra la extracción y 
derivatización de los analitos en un única etapa. Todas estas técnicas de extracción se han 
combinado con la cromatografía de gases-espectrometría de masas para la deteminación de los 
analitos debido a su selectividad y sensibilidad. Todos estos métodos desarrollados han sido 
aplicados con éxito a muestras reales. 
Palabras clave: cloropropanol, simultánea extracción y derivatización, GC-MS/MS, diseño 
experimental, diferentes matrices. 
 
ABSTRACT 
Chloropropanols are chemical compounds that are within the group of emerging 
contaminants. Their study is of great interest, as they are used in various industrial processes and 
also may be formed during processing of various foods. This produces a great human exposure to 
these contaminants with possible toxic effects. These compounds have genotoxic and mutagenic 
activity, and controversial carcinogenicity.  
The low concentration of chloropropanols in various matrices and relative complexity make 
the sample extraction and cleanup of the extracts are necessary steps for the determination of 
these compounds. The most commonly method used for the extraction of these compounds has 
been solid phase extraction (SPE) combined with liquid-liquid extraction (LLE) or liquid-solid 
extraction (LSE), these methods require large amounts of organic solvents, adsorbents as well as 
Extrelut NT and are tedious and time-consuming. Furthermore, due to their high polarity, the 
determination of these compounds requires a derivatization step of determination by gas 
chromatography. The importance of sample preparation in chemical analysis is evolving into 
simpler methodologies, sensitive, low cost and low consumption of solvents; reason for carrying 
out this work. In this sense, this work focused on the development of analytical methods for the 
determination of chloropropanols in different samples in extraction techniques whose main 
features are deep into the context of Green Chemistry. We have selected several techniques such 
as: pressurized liquid extraction (PLE) combined with in situ derivatization, SPE using Oasis 
HLB cartridges, solid phase microextraction and a novel and rapid liquid-liquid microextraction 
 dispersive microwave assisted (UA -DLLME) incorporating extraction and derivatization of 
analytes on a single stage. All of these extraction techniques are combined with gas 
chromatography-mass spectrometry for the deteminación of analytes due to their selectivity and 
sensitivity. All these methods developed have been successfully applied to real samples. 
 
 
Keywords: chloropropanol, simultaneous extraction and derivatization, GC-MS/MS, experimental 
design, different matrices 
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CE: comisión europea 
CNT: nanotubo de carbono 
CW/DWB: polietilenglicol/polidivinilbenceno 
CW/TPR: polietilenglicol/resina templada 
 
D 
DAD: detector de red de diodos 
DC: corriente continua 
DCA: 1,3-dicloroacetona 
DI: extracción directa 
DLLME: microextracción líquido-líquido dispersiva 
DMA: dietilamina 




ECD: detector de captura de electrones 
EI: impacto electrónico 
EPA: agencia de protección ambiental 
 
F 
FCC: Food Chemical Code 
FDA: Food and Drug Administration 








HFBA: anhídrido heptafluorobutírico 
HFBI: heptafluorobutirilimidazol 
HPLC: cromatografía líquida de alta resolución 
HS: espacio de cabeza 
HS-SPME: microextracción en fase sólida en espacio de cabeza 
HVP: proteína vegetal hidrolizada 
 
I 
IARC: agencia internacional para la investigación sobre el cáncer 
IDTMP: ingesta diaria máxima tolerable provisional 
IL: líquidos iónicos 
 
J 
JECFA: Joint FAO/WHO Expert Comittee on Food Additives 
 
L 
LC/MS: cromatografía líquida-espectrometría de masas 
LC: cromatografía líquida 
LLE: extracción líquido-líquido 
LOD: límite de detección 
LOEL: nivel más bajo con efecto observado 
LOQ: límite de cuantificación 
LPME: microextracción en fase líquida 
 
M 
MAE: extracción asistida por microondas 
MIP: polímeros de impresión molecular 
MRM: monitorización de reacción múltiples 
MS/MS: espectrometría de masas en tándem 
MS: espectrometría de masas 
MSPD: dispersión de matriz en fase sólida 






NCI: ionización química negativa 







PAE: resina poliamida-epiclorhidrina 
PAH: hidrocarburos aromáticos policíclicos 
PBA: ácido fenilborónico 
PCB: bifenilos policlorados 
PDMS/DVB: polidimetilsiloxano/polidivinilbenceno 
PDMS: polidimetilsiloxano 
PS-DVB: copolímero estireno-divinilbenceno 






SBSE: extracción con barra agitadora 
SCF: comité científico de alimentación humana 
SDME: microextracción con gota suspendida 
SDVB: polímero de estireno-divinilbenceno 
SFE: extracción con fluidos supercríticos 
SFOD: solidificación mediante la formación de una gota orgánica suspendida 
SILPs: soportes poliméricos con líquidos iónicos 
SIM: monitorización de un solo ión 
SPE: extracción en fase sólida 








UA-DLLME: microextracción líquido-líquido dispersiva asistida por microondas 
UAE: extracción asistida por ultrasonidos 
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SECCIÓN I. JUSTIFICACIÓN Y OBJETIVOS 
 
La exposición humana a sustancias tóxicas ocurre ya desde hace muchas 
generaciones, su presencia en alimentos comenzó a descubrirse en los años 60. Algunos 
ejemplos incluyen N-nitrosaminas en peces y carnes curadas, aminas heterocíclicas en 
carnes y pescados asados y cloropropanoles, entre ellos el 3-monocloro-1,2-propanodiol 
(3-MCPD) en las proteínas vegetales hidrolizadas.  
La formación de compuestos tóxicos durante el procesamiento de alimentos es una 
cuestión importante relacionada con la seguridad alimentaria. Estos compuestos, que son 
detectados en la materia prima, también se pueden formar por reacciones químicas entre 
sustancias presentes naturalmente y/o sustancias adicionadas a los alimentos, durante 
diferentes procesos al utilizar altas temperaturas, fermentaciones, hidrólisis o ahumado 
entre otros. La preocupación asociada a la presencia de estos contaminantes en la dieta se 
justifica por los riesgos que pueden representar para la salud del consumidor, debido a 
que muchos de ellos son considerados posibles o probables agentes carcinógenos en seres 
humanos. 
Los cloropropanoles resultan de gran interés desde el punto de vista analítico, ya que 
pertenecen al grupo de los llamados contaminantes emergentes, estos compuestos son 
utilizados en diversos procesos industriales, como disolventes, para la producción de 
lacas, de productos farmacéuticos, de resinas que se utilizan en el blanqueamiento del 
papel y en la cloración del agua y además pueden ser formados durante el tratamiento de 
productos alimenticios diferentes. La presencia de cloropropanoles en el ácido de la 
proteína vegetal hidrolizada (PHV) y productos relacionados, como la salsa de soja, 
alimentos procesados, agua potable y materiales en contacto con los alimentos ha 
despertado una preocupación considerable por la seguridad alimentaria en los últimos 
años. 
Su presencia en alimentos procesados y en aguas, puede dar lugar a una considerable 
exposición a estos contaminantes, con sus posibles efectos tóxicos. Esta situación 
conduce al establecimiento de unos límites máximos o al menos a la iniciación de 
programas para evaluar riesgos ambientales y de salud pública. El 3-MCPD fue evaluado 
por JECFA (Joint Fao/who Committee on Food Additives) y por el Comité Científico de 
la Alimentación Humana de la UE, estableciéndose una ingestión diaria máxima (TDI) 
tolerable provisional de 2 µg kg-1 de peso corporal en 2001 y ratificada en 2006. Un nivel 
de concentración máxima de 20 µg kg-1 ha sido fijado en la legislación de la UE para el 3-
MCPD en PVH y salsa de soja [E.U Commission, 2001; Eu. Commission, 2006]. El Food 
Chemical Codex estableció especificaciones para la PVH-ácido, limitando la presencia de 
3-monocloropropanodiol (3-MCPD) y 1,3-dicloro-2-propanol (1,3-DCP) a 
concentraciones máximas de 1 y 0,05 mg kg-1 respectivamente. La Comisión del Código 






momento, sólo Austria ha establecido un límite de 10 µg L-1 de 1,3-DCP en aguas, como 
concentración tolerable e indicador de calidad.  
Por tanto, la presencia de estos compuestos en el medio ambiente y en diferentes 
alimentos procesados, unida a la falta de información sobre sus posibles efectos a largo 
plazo y a la escasa existencia de metodologías adecuadas para su determinación a niveles 
traza, son motivos suficientes que justifican su estudio. 
El objetivo principal de esta Tesis ha sido proponer nuevas metodologías analíticas 
que proporcionen buenos resultados y que reduzcan, en lo posible, el volumen de 
muestra, el empleo de disolventes orgánicos, el riesgo para el analista y el tiempo total de 
análisis, sin que ello afecte a la calidad del resultado final.  Para llevar a cabo este estudio 
se han seleccionado tres compuestos del grupo de los cloropropanoles: 3-monocloro-1,2-
propanodiol (3-MCPD); 1,3-dicloro-2-propanol (1,3-DCP) y 2,3-dicloro-1-propanol (2,3-
DCP). Se han elegido varias técnicas de extracción sencillas que cumplen estos 
requerimientos, la microextracción en fase sólida (SPME), la extracción en fase sólida 
(SPE), la extracción con disolventes presurizados (PLE) y la microextracción líquido-
líquido dispersiva (DLLME) para diferentes matrices. Como sistema de determinación se 
ha utilizando la cromatografía de gases acoplada a espectrometría de masas (GC-MS y 
GC-MS/MS), debido a que presenta selectividad y sensibilidad apropiadas para los 
analitos de interés.  
La baja volatilidad de los cloropropanoles y su elevada polaridad hace necesario 
realizar previamente una reacción de derivatización, para su determinación mediante 
cromatografía de gases, que se ha tratado de incorporar en la etapa de preparación de 
muestra. Con su derivatización se trata de aumentar la volatilidad de estos compuestos, 
mejorando la simetría de los picos cromatográficos y, por tanto, la resolución, 
selectividad y sensibilidad del método analítico.  
 
 
De forma detallada se pretende: 
 El desarrollo y la optimización de los procesos de preparación de muestra en las 
diferentes matrices, para la extracción de los compuestos de interés. En cada 
método de extracción se optimizan las variables experimentales con el apoyo de 
herramientas quimiométricas como diseños experimentales y funciones de 
deseabilidad para la optimización multicriterio. 
 Optimización de la separación cromatográfica y cuantificación evaluando las 
reacciones de derivatización de cloropropanoles con 
bis(trimetilsilil)trifluoroacetamida (BSTFA) y heptafluorobutirilimidazol (HFBI) . 
 El estudio de los criterios de validación aplicados a los métodos analíticos: rango 
lineal, sensibilidad, límites de detección, límites de cuantificación, precisión y 
exactitud. 











































SECCIÓN II. INTRODUCCIÓN 
 
Capítulo 1.- COMPUESTOS QUÍMICOS ESTUDIADOS 
 
En la ciencia y tecnología de los alimentos, el procesado y conservación de los 
alimentos han desempeñado, y siguen desempeñando, un papel importante en el logro de 
la suficiencia alimentaria (disponibilidad, calidad y conservación) para los humanos. La 
conservación de los alimentos puede considerarse como una extensión de procesado de 
alimentos, ya que implica el uso de procedimientos para prevenir o reducir el deterioro de 
los mismos. Como por ejemplo la inactivación de enzimas y microorganismos por 
calentamiento o la reducción del contenido de humedad, el uso de compuestos 
antimicrobianos, pasteurización (calor o irradiación), congelación, envasado en atmósfera 
modificada, y la fermentación [Lineback, 2009].  
 
Las técnicas que se utilizan en el procesado y conservación de los alimentos 
incluyen: 
• El secado/deshidratación  
• Curado  
• Ahumado  
• Fermentación  
• Enlatado/conservas 
• La pasteurización (calor o irradiación)  
• Congelación y refrigeración  
• Aditivos  
• Almacenamiento en atmósfera controlada  
• El envasado aséptico 
 
Los riesgos químicos presentes en los alimentos pueden ser múltiples, y pueden 
entrar en la cadena alimentaria por diferentes vías (ver figura II.1). Tradicionalmente, el 
medioambiente ha sido el origen de muchos riesgos químicos en los alimentos, como los 
metales pesados y contaminantes orgánicos persistentes (Persistent Organic Pollutants, 
POPs). La presencia de microorganismos patógenos también puede atribuirse a la 
contaminación del suministro de agua a la agricultura originadapor residuos humanos y 
animales, y por el uso de estiércol como fertilizante.  
Los posibles contaminantes químicos en los alimentos pueden ser clasificados en:  
1. toxinas naturales, por ejemplo, micotoxinas, sustancias tóxicas de plantas 
superiores y biotoxinas marinas  
2. contaminantes ambientales: metales pesados, dioxinas y radionucleidos 
3. productos químicos empleados como auxiliares en la fabricación de 
alimentos y, que pueden contaminar los alimentos, por ejemplo, a través de 







4. residuos agroquímicos: fungicidas, pesticidas y medicamentos de uso 
veterinario 
5. compuestos que migran de embalaje, por ejemplo, isopropiltioxantona, 
semicarbazida, y estireno 
6. sustancias tóxicas originadas en el procesado, por ejemplo, aminas 
aromáticas heterocíclicas, acrilamida, furano y glycidol, cloropropanoles 
y sus ésteres de ácidos grasos 
En este último grupo de sustancias se incluyen los cloropropanoles, compuestos 











El término cloropropanol es utilizado para definir un grupo de contaminantes 
químicos derivados del glicerol, caracterizados estructuralmente por alcoholes y dioles de 









































































Los cloropropanoles son contaminantes que pueden ser formados durante el 
tratamiento de productos alimenticios. La presencia de estos contaminantes en alimentos 
fue descubierta en 1978 por el grupo de Velísek del Instituto de Tecnología Química de 
Praga en ácido-HVP (ácido de la proteína vegetal hidrolizada), un ingrediente 
ampliamente utilizado en una gran variedad de alimentos procesados como sopas, salsas, 
pastillas de caldo y salsa de soja [Wenzl, 2007] y por tanto, son difíciles de evitar en 









La presencia de cloropropanoles en agua potable, aguas residuales industriales y 
materiales en contacto con los alimentos ha despertado una preocupación considerable 
por la seguridad alimentaria en los últimos años [Hamlet, 2008]. Por otra parte, los 
cloropropanoles son halohidrinas ampliamente utilizados como disolventes y como 
materias primas para preparación de resinas, polímeros, productos agroquímicos y 
farmacéuticos [Effendi, 2000]. 3-MCPD y 1,3-DCP se pueden detectar en agua debido a 
su presencia en resinas de fuerza que contienen epiclorhidrina, en el blanqueamiento de 
pasta de papel, en floculantes utilizados en el tratamiento del agua potable o en el proceso 
de fabricación de cartón. Varios tipos de papeles de calidad alimentaria muestran 
resistencia a la humedad por la presencia de esta resinas [Pace, 2010]. Los 
cloropropanoles presentan actividad genotóxica y mutagénica, y una controvertida 
carcinogenicidad [Baer, 2010; Jeong, 2010]. En la última década, este grupo de 
contaminantes han recibido una atención aún mayor, debido al descubrimiento de la 
formación de acrilamida y furano durante el tratamiento térmico de una gran variedad de 
alimentos que son consumidos regularmente por la población [Ariseto, 2013]. 
Un estudio reciente encontró que la pirólisis del edulcorante sintético sucralosa, un 
















cloropropanoles (> 75% 3-MCPD, 15%-23% de 1,3-DCP, <5% de 1,2-DCP (1,2-
dicloropropanol)) [Rahn, 2010]. Este hallazgo sugiere que el uso de la sucralosa en 
productos horneados puede conducir a la formación cloropropanoles. 
El cloropropanol más abundante en los alimentos es 3-monocloro-1,2-propanodiol 
(3-MCPD) y a un nivel inferior también 1,3-dicloro-2-propanol (1,3-DCP). Estos 
compuestos han sido el centro de atención de numerosos estudios al ser considerados 
cancerígenos. Debido a esto, ha sido necesario el establecimiento de unos niveles 
máximos de cloropropanoles en alimentos [Códex Alimentario, 2006]. Los isómeros de 
estos compuestos (2-MCPD y 2,3-DCP) por lo general son encontrados en 
concentraciones inferiores que 3-MCPD y 1,3-DCP [Cao, 2009]. 
El descubrimiento de cloropropanoles en alimentos conservados, en materiales de 
almacenaje formados por resinas basadas en poliamidoamina-epiclorhidrina, en agua 
potable, y en una amplia gama de productos de alimentación procesados que no usan el 
ácido-HVP como un ingrediente, incluidos los productos horneados como el pan, 
carne/pescado cocidos/curados e ingredientes de malta, han renovado el interés de estos 
contaminantes [Hamlet, 2008]. Existen indicaciones de que el cocinado/asado a la parrilla 
(tratamiento a alta temperatura) puede dar lugar a alguna formación de 3-MCPD. 
También pueden contener 3-MCPD las resinas de los materiales y el papel de envasado 
utilizados para el procesado de los alimentos y podrían contribuir a la exposición a través 
de los alimentos, lo cual ha dado lugar a que se elaboren resinas con niveles 
significativamente más bajos de 3-MCPD. La justificación disponible sugiere que en la 
salsa de soja (y productos afines) e ingredientes de alimentos con PVH-ácido el 1,3-DCP 
se encuentra a niveles más bajos que el 3-MCPD. En los productos cárnicos, sin embargo, 
las concentraciones de 1,3-DCP son generalmente más elevadas que los niveles de 3-
MCPD tal como concluyó el JECFA en su 65ª reunión [Codex alimentarius, 2007]. Se 
necesita más información sobre los niveles de cloropropanoles en los alimentos e 
ingredientes de alimentos, sobre la exposición dietética a estos compuestos, sobre el 
origen y la formación, y los métodos de producción que pueden utilizarse para evitar la 
contaminación de los alimentos por cloropropanoles. 
Estudios recientes han demostrado que la mayor presencia de 3-MCPD en los 
alimentos aparece unida a ácidos grasos en forma de mono- o di-ésteres. Se encontraron 
altos niveles de ésteres de 3-MCPD en aceites y grasas vegetales refinadas comestibles, y 
alimentos que los contienen. Por la acción de las lipasas, 3-MCPD puede ser liberado de 
los ésteres en vivo y un estudio reciente apoya la hipótesis de una equivalente 
biodisponibilidad de 3-MCPD en forma libre y en forma de éster [ESFA, 2013]. 
La Comisión Europea en su directiva 2014/661/UE [Comisión Europea, 2014] 
establece que contando con la participación activa de los explotadores de empresas 
alimentarias y de piensos, los Estados miembros deben controlar la presencia de 2- y 3-
MCPD, de ésteres de ácidos grasos de 2- y 3-MCPD y de ésteres glicidílicos de ácidos 
grasos en los alimentos, en particular en: 
a) los aceites y grasas vegetales y sus productos derivados, como la margarina y 
productos similares; 
b) los productos alimenticios destinados a una alimentación especial definidos en la 





lactantes y niños de corta edad, incluidos los preparados para lactantes y 
preparados de continuación definidos en la Directiva 2006/141/CE de la Comisión 
(2), así como los alimentos dietéticos para usos médicos especiales definidos en la 
Directiva 1999/21/CE de la Comisión (3) y dirigidos a los lactantes;  
c) los productos de bollería fina, pan y panecillos;  
d) las conservas de carne (ahumada) y de pescado (ahumado);  
e) los productos de aperitivo a base de patatas fritas o de cereales y otros productos a 
base de patatas fritas;  
f) los aceites vegetales que contengan alimentos y alimentos elaborados o 
producidos con aceites vegetales. 
 
 
1.1.- 3-MONOCLORO-1,2-PROPANODIOL (3-MCPD) 
 
Es el compuesto principal del grupo, el que aparece con mayor abundancia en los 
alimentos. 
Tiene dos grupos hidroxilo y un átomo de cloro como se puede observar en la figura 










El 3-MCPD se presenta como una mezcla racémica de dos isómeros, R y S (figura 
II.4) cuyo posible mecanismo de formación a partir del glicerol, cuando éste reacciona 
con ácido clorhídrico a elevada temperatura, se muestra en la figura II.5. 
En este mecanismo, se propone la formación de un epóxido (glicidol) como 
intermedio de reacción.  
El 3-MCPD también se puede formar cuando el glicerol reacciona con el cloruro 
sódico en presencia de otros ácidos, tales como ácido cítrico y acético, a temperatura 










 Figura II.4 Isómeros para el 3-MCPD y su relación con el L-Glicerol. Enantiómeros 
de 3-MCPD que se forman cuando un -OH se sustituye por un -Cl en las posiciones 
sn1 o sn3 [reproducido con permiso de Hamlet, CG; Sadd, PA, Gray, DA Generation of 
Monochloropropanediols (MCPDs) in Model Dough Systems. 1. Leavened Doughs. J 
Agric. Food Chem. 52 (2004) 2059-2066. Copyright (2004) American Chemical Society] 
 
 
Figura II.5.- Formación de 3-MCPD y 2-MCPD a partir de Glicerol [reproducido con 
permiso de Hamlet, CG; Sadd, PA, Gray, DA Generation of Monochloropropanediols 
(MCPDs) in Model Dough Systems. 1. Leavened Doughs. J Agric. Food Chem. 52 











































El 3-MCPD es el contaminante más común del grupo de los cloropropanoles. El 3-
MCPD puede aparecer en alimentos debido a la migración de resinas de poliamida-
epiclorhidrina (PAE) usadas en el tratamiento de los materiales que están en contacto con 
los alimentos, procesos térmicos, procesos de ahumando, el uso de ácidos-HVP (sin 
control) o hidrólisis catalizadas enzimáticamente (lipasa) de ésteres de 3-MCPD [León, 
2008]. Recientemente, el 3-MCPD ha sido encontrado en productos de alimentación 
procesados que han sido sujetados a tratamientos térmicos como la cocción, la fritura, 
asado, o tostado [León, 2008]. 3-MCPD también se ha detectado en muchos otros 
alimentos, como los productos de panadería, derivados de malta, alimentos ahumados, 
queso y pescado salado [EFSA, 2013]. Desde el año 2004, se ha detectado la presencia de 
ácidos grasos de 3-MCPD (ésteres de 3-MCPD) y sustancias relacionadas en grasas 
refinadas y aceites. En particular, algunos aceites comestibles, como el aceite de palma, 
parecen ser muy susceptibles a la formación de estas sustancias. Se han realizado varios 
estudios para dilucidar el mecanismo de formación de 3-MCPD y sus ésteres mostrándose 
que en alimentos procesados térmicamente con baja actividad de agua y que contienen 
grasa, el 3-MCPD y sus ésteres se forman a partir de glicerol o/y acilgliceroles e iones 
cloruro durante los procesos de refinación. Recientemente, la Agencia Internacional para 
la Investigación sobre el Cáncer (IARC) ha incluido al 3-MCPD en el grupo 2B como 
"Posible cancerígeno para los seres humanos", estableciéndose una ingesta diaria máxima 
tolerable provisional (IDTMP) de 2 µg kg-1 de peso corporal por día, es recomendado por 
la JECFA y el SCF (Comité Científico de alimentación humana) [Ma, 2012]. 
Un estudio del ESFA de 2013, muestra la presencia de 3-MCPD en niveles en el 
orden de magnitud de 102 o en algunos casos incluso 103 mg kg-1 en el grupo de 
alimentos “Grasas animales y aceites vegetales”. También observaron valores del mismo 
orden de magnitud en preparados infantiles (polvo), así como en las patatas y productos 
de patata. Se encontraron niveles de aproximadamente un orden de magnitud inferior en 
varios grupos de alimentos. En función de las cantidades consumidas, estos grupos de 
alimentos también pueden proporcionar una contribución relevante a la exposición 
alimentaria al 3-MCPD [ESFA, 2013]. 
 
 
1.1.1.- EFECTOS TOXICOLÓGICOS  
 
El 3-MCPD ha sido investigado en estudios de toxicidad a corto y largo plazo y los 
datos relativos a su toxicología y características mutagénicas y carcinogénicas han sido 
resumidos en 2001 por el Joint FAO/WHO Expert Committee on Food Additives 
(JECFA) [Schlatter, 2002]. Se ha demostrado que el 3-MCPD tiene actividad mutagénica 
in vitro [Lynch, 1998]. No hay descrito ningún estudio clínico o epidemiológico en 
humanos [Hamlet, 2008].  
En junio de 2001, JECFA [JECFA, 2002 y 2007] asignó provisionalmente un valor 
máximo tolerable de ingestión diaria por kg de peso de 2 µg kg-1 basándose en el nivel 
más bajo con efecto observado (LOEL) y un factor de seguridad. El margen de seguridad 
incluyó un factor de 5 para la extrapolación desde el LOEL hasta el nivel de efecto no 






1.2.- 1,3-DICLORO-2-PROPANOL (1,3-DCP) 
 
El 1,3-DCP es un compuesto del grupo de los cloropropanoles de importante 
presencia en alimentos. En la figura II.6 se muestra su estructura que presenta un grupo 











No posee ningún carbono estereogénico y por tanto aparecerá como producto único y 
no como mezcla racémica. 
La formación del 1,3-DCP se produce durante el tratamiento del glicerol con ácido 





Figura II.7.- Formación de 1,3-DCP a partir de Glicerol [reproducido con permiso de 
Hamlet, CG; Sadd, PA, Gray, DA Generation of Monochloropropanediols (MCPDs) in 
Model Dough Systems. 1. Leavened Doughs. J Agric. Food Chem. 52 (2004) 2059-2066. 







El 1,3-DCP es un líquido orgánico semivolátil que es soluble en agua y disolventes 
orgánicos. 1,3-dicloro-2-propanol (1,3-DCP) es un producto químico industrial de alto 
volumen de producción. Se utiliza en la fabricación de epiclorhidrina, un compuesto 
industrial clave que se utiliza en la síntesis de gran variedad de productos químicos. 
También se utiliza en la fabricación de 1,2,3-tricloropropano, un intermedio químico 
utilizado para la fabricación de polímeros, y en la fabricación de 1,3-dicloropropeno, un 
fumigante de suelos. Se utiliza como disolvente y para la producción de pinturas, lacas, 
antideflagrantes textiles, y resinas epoxi. También se utiliza para la producción de 
productos farmacéuticos. La liberación de 1,3-DCP en el medio ambiente acuático puede 
ocurrir por diferentes vertidos de residuos [Schuhmacher, 2005]. Así, 1,3-DCP puede 
entrar en aguas naturales como consecuencia de la utilización de epiclorhidrina para la 
producción de resinas fuertes, algunas de las cuales se utilizan en sistemas de suministro 
de agua; el blanqueamiento con cloro de la pasta de papel, o como un contaminante de 
floculantes de poliamina utilizados en el tratamiento de agua de bebida [Bodén, 1997].  
Por otro lado, 1,3-DCP también ha sido identificado en muestras de agua potable 
después del tratamiento de cloración [Schuhmacher, 2005]. Además de su presencia como 
contaminante en el medioambiente, el 1,3-DCP también se puede formar en los alimentos 
durante el procesamiento, la cocción y el almacenamiento como resultado de la reacción 
de iones cloruro con glicerol y otros lípidos presentes en los alimentos [Wenzl, 2007]. 
1,3-DCP se ha detectado en las proteínas vegetales hidrolizadas mediante ácido (PVH-
ácido), los alimentos que contienen PVH-ácido, como la soja y salsas de ostras, y en 
algunos alimentos que no contienen PVH-ácido, tales como productos a base de malta, 
salchichas, carne picada, jamón y pescado frito. 
 
 
1.2.1.- EFECTOS TOXICOLÓGICOS  
 
En la 57ª reunión del Joint FAO/WHO Expert Comittee on Food Additives (JECFA) 
(enero 2007) se llegó a la siguiente conclusión: el 1,3-DCP es hepatotóxico, provoca una 
serie de tumores en varios órganos de rata y es genotóxico in vitro. El JECFA de la 
FAO/WHO concluyó en 1993 que 1,3-DCP es cancerígeno y que se debería reducir su 
contenido en productos de alimentación tanto como fuera posible [Sameer, 2007].  
Las vías de exposición a 1,3-DCP incluyen el agua, el aire, el suelo y los alimentos. 
El riesgo potencial de 1,3-DCP para los seres humanos se ha incrementado recientemente 
debido al aumento de su producción y uso generalizado. Hoy en día, su el interés de su 
estudio se debe a su potencial tóxico como carcinógeno a través del mecanismo 
genotóxico, y a que actúa como un disruptor endocrino en los seres humanos y animales. 
Además, 1,3-DCP tiene hepatotoxicidad, nefrotoxicidad, neurotoxicidad, teratogénesis y 
mutagenicidad [Lu, 2014]. 
El 1,3-DCP dio resultados positivos para mutaciones genéticas y modificación del 
ADN en la mayoría de los ensayos in vitro. Fue negativo en el pequeño número de 
ensayos in vivo realizados, que consistieron en un estudio realizado en moscas de la fruta 
y estudios para dos puntos finales en una sola cepa de una especie de mamíferos (ratas 






genotóxico. Debido al número de estudios de toxicidad la Comisión del Código 
Alimentario Europeo recomendó clasificar al 1,3-DCP como carcinógeno genotóxico 
[Schuhmacher, 2005]. 
Se dispone de poca información sobre la exposición al 1,3-DCP de los trabajadores 
industriales durante su fabricación o uso. 1,3-DCP parece ser ''moderadamente tóxico'' 
después de la inhalación, la exposición oral o dérmica tiene un efecto irritante sobre las 
mucosas. En un accidente de trabajo, se produjo daño hepático grave (hepatitis, necrosis) 
en dos hombres de mediana edad que limpiaban un tanque que había contenido 
previamente epiclorhidrina y dicloropropanoles (exposición por inhalación). Ciertos 
metabolitos de 1,3-DCP puede ser responsables de la mutagenicidad del 1,3-DCP tales 
como ciertos metabolitos de glutationa (GSH) o el producto de oxidación de 1,3-DCP, 
DCA (1,3-dicloracetona). DCA se conoce como un fuerte mutágeno y carcinógeno 
[Andres, 2013].  
Dos estudios in vivo con ratas dieron resultados negativos para la mutagenicidad del 
1,3-DCP. La Agencia de Protección Ambiental de California (Cal/EPA) resumió la 
evidencia de la carcinogenicidad del 1,3- DCP de la siguiente manera: 1,3-DCP reveló 
efectos cancerígenos en los diferentes órganos de las ratas en un estudio crónico. Los 
resultados positivos de mutagenicidad fueron encontrados en varios ensayo in vitro de 
genotoxicidad. 1,3-DCP se metaboliza en varios compuestos genotóxicos y/o 
cancerígenos tales como epiclorhidrina, glicidol, DCA y 3-MCPD. 1,3-DCP muestra 
similitudes de estructura-actividad con otros conocidos carcinógenos identificados por la 
Agencia Internacional para la Investigación sobre el Cáncer (IARC). IARC [IARC, 2012] 
concluye que ''Existe suficiente evidencia en animales experimentales sobre la 
carcinogenicidad de 1,3- dicloro-2-propanol'' y ''1,3- dicloro-2-propanol es posiblemente 
cancerígeno para los seres humanos (grupo 2B)'' [Andres, 2013].  
 
 
1.3.- 2,3-DICLORO-1-PROPANOL (2,3-DCP) 
 
En la figura II.8 se puede ver su estructura que presenta un grupo hidroxilo y dos 











El 2,3-dicloro-1-propanol (2,3-DCP) es un miembro del grupo de productos químicos 





se puede formar durante el procesamiento de productos alimenticios distintos, tales como 
sopas, salsas de condimentos, cubitos de caldo y salsa de soja. Además, el 2,3-DCP puede 
estar presente como contaminante de proceso en algunos floculantes de poliamida 
utilizados en el tratamiento del agua y por lo tanto puede estar presente en el agua potable 
[Lu, 2013].  
 
 
1.3.1.- EFECTOS TOXICOLÓGICOS 
 
Diferentes estudios han demostrado que 2,3-DCP tiene efectos tóxicos. El grupo de 
trabajo de Omura encontró evidencias de que 2,3-DCP presenta toxicidad testicular en el 
sistema reproductivo masculino [Omura, 1995]. Fujishiro y col. [Fujishiro, 1994] indican 
que 2,3-DCP puede causar lesiones en hígado y riñones. Lu y col. han demostrado, los 
efectos de inmunotoxicidad de 2,3-DCP en las células T tanto in vivo como in vitro [Lu, 
2013]. 
Los datos sobre la presencia de 2,3-DCP en los alimentos indican que 2,3-DCP se 
encuentra generalmente en concentraciones mucho más bajas que el 1,3-DCP y otros 
cloropropanoles. La CE (2004) [EC, 2004] informó de que 16 % de las salsas de soja y 
productos relacionados (n=116) tenían niveles detectables de 2,3-DCP con 
concentraciones medias de 0,013 a 0,028 mg kg-1. Todas las muestras con 2,3-DCP 
también contenían 3-MCPD en concentraciones más altas [Andres, 2013]. Entre las 
muestras analizadas sólo se encontró 2,3-DCP en una muestra de pescado en aceite y otra 
de malta. 2,3-DCP no se detectó en cereales, carne y productos cárnicos, sales, especias, 
sopas y salsas distintas a la salsa de soja. Por lo tanto, debido a la baja exposición 
alimentaria a 2,3-DCP y su potencial toxicológico probablemente más bajo (en 
comparación con el 1,3-DCP) la exposición al 2,3-DCP parece ser también de bajo interés 
para el consumo humano. Puesto que la toxicológica y ocurrencia no sólo se limitan a 
datos de 2,3-DCP en los alimentos, no se puede realizar una evaluación exhaustiva de los 
riesgos. Además, ante la falta de datos de la presencia de 2,3-DCP en los alimentos, es 
necesario realizar más estudios toxicológicos considerando principalmente la toxicología 




1.4.- LEGISLACIÓN  
 
Recientemente, el Ministerio Austriaco de Agricultura, Medioambiente y Ordenación 
de las aguas, ha incluido el 1,3-DCP en la lista de contaminantes ambientales para ser 
supervisados en el agua de río. Una concentración máxima tolerable de 10 µg L-1 ha sido 
definida como "el objetivo de calidad medioambiental" para el agua austriaca de río 
[Schuhmacher, 2005]. Actualmente, el 1,3-DCP es supervisado dentro de un programa de 
medida piloto, para poner en práctica el Artículo 7 de la Directiva Europea 76/464/EEC y 
la Directiva 2000/60/EC que controlan la contaminación de agua natural por compuestos 






Dentro de la Unión Europea no existe más legislación sobre estos compuestos 
relacionada con el agua. Toda la legislación existente hoy en día va dirigida a productos 
relacionados con la soja. 
Desde el año 1997, el UK’s Food Advisory Committee ha recomendado que durante 
el proceso industrial se disminuyan al máximo, prácticamente a niveles indetectables, la 
concentración de cloropropanoles en productos alimenticios. Así, ha establecido como 
nivel máximo, una concentración de 0,01 mg kg-1 para 3-monocloro-1,2-propanodiol (3-
MCPD) [Crewsy, 2003].  
También, la Food Chemical Codex (FCC) estableció, en diciembre de 1997, 
especificaciones para el ácido-HVP, que limitaron la presencia de 3-MCPD y 1,3-DCP a 
concentraciones máximas de 1 y 0,05 mg kg-1 respectivamente. Estas especificaciones se 
realizaron basándose en estudios preliminares teniendo en cuenta las propiedades 
cancerígenas de ambos compuestos [Crewsy, 2003].  
La Comunidad Europea (CE) estableció un límite reglamentario de 0,02 mg kg-1 para 
el 3-MCPD en la salsa de soja y ácido-HVP [Comisión Europea, 2006; Li, 2014], 
mientras que en China se establecen 400 kg mg-1 en ácido-HVP líquido y 1000 mg kg-1 
para el saborizante sólido [Mo, 2014]. 
La Food and Drug Administration (FDA), de los Estados Unidos estableció que los 
niveles de 3-MCPD y 1,3-DCP no excedan de 1 mg kg-1 y 0,05 mg kg-1 respectivamente 
[Codex Committee, 2001].  
 
 
Tabla II.1.- Cantidad internacional máxima tolerable de 3-MCPD en alimentos [Lee, 
2015] 
 
País Límite máximo Muestras 
Australia/Nueva 
Zelanda 0,2 mg kg-1 
Salsa de soja y ostras (40 % contenido 
materia seca) 
Canadá 1 mg kg -1 Salsa de soja y ostras 
China 1 mg kg-1 Condimentos con ácido PVH 
Unión Europea 0,02 mg kg-1 PVH y salsa de soja 
Malasia 0,02 mg kg-1 1 mg kg-1 
Comida líquida con ácido PVH 
Ácido PVH 
Singapur 0,02 mg kg-1 Salsa de soja y otras relacionadas 
Estados Unidos 1 mg kg -1 Ácido PVH 
 
 
El 3-MCPD es un contaminante de la transformación alimentaria, clasificado como 
posible carcinógeno humano, para el que se ha establecido una ingesta diaria tolerable 
(TDI) de 2 µg kg-1 de peso corporal. El Reglamento (CE) nº 1881/2006 de la Comisión 
estableció un nivel máximo de 20 µg kg-1 para la proteína vegetal hidrolizada (PVH) y la 
salsa de soja en el caso de los productos líquidos que contienen un 40 % de materia seca, 





la UE se estableció el nivel máximo de 3-MCPD en la salsa de soja y la proteína vegetal 
hidrolizada en 20 µg kg-1 (CE 466/2001, posteriormente actualizado en CE 1881/2006). 
Este valor se refiere a los productos líquidos con 40% de contenido de materia seca, lo 
cual corresponde a un máximo de 50 µg kg-1 en materia seca. El reglamento CE 333/2007 
establece requisitos para el control oficial sobre el contenido de 3-MCPD, es decir, los 
requisitos de muestreo y los métodos de análisis que se utilizarán [Christova-
Bagdassarian, 2013; ESFA, 2013].  
La FDA estable que el ácido-HP que contienen 3-MCPD a niveles mayores de 1 ppm 
no es reconocido como seguro y, por lo tanto, es un aditivo alimentario inseguro. 
Además, un nivel de 1 ppm o más de 3-MCPD en los alimentos que contiene ácido HP 
indica que el nivel de 3-MCPD en el ingrediente HP-ácido es superior a 1 ppm, ya que el 
agua u otros componentes de los alimentos pueden reducir la concentración. La FDA 
considera las concentraciones de 3-MCPD que se muestran en la tabla II.2 para ayudar a 
determinar si se debe tomar acción de cumplimiento con respecto a las salsas ácidas-HP y 
de estilo asiático que contienen 3-MCPD [FDA, 2008]. 
 
 
Tabla II.2.- Concentración de 3-MCPD en salsas ácidas-HP y de estilo asiático 
 
MUESTRAS CONCENTRACIÓN DE 3-MCPD 
Ácido-HP 1 ppm (sólidos) 
Salsas de estilo asiático a las que se añadió 
ácido-HP (el ácido-HP se incluye en los 
ingredientes) 
1 ppm (líquidos) 
Salsas de estilo asiático en las que el ácido-
HP no está en los ingredientes (se añade 
HCl para producir ácido-HP in situ) 
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Capítulo 2.- MÉTODOS DE EXTRACCIÓN DE CLOROPROPANOLES 
 
2.1.- EXTRACCIÓN LÍQUIDO-LÍQUIDO (LLE). 
 
La extracción líquido-líquido es la técnica más utilizada para la extracción de estos 
analitos de muestras acuosas. El fundamento de esta técnica se basa en la distribución o 
reparto de la muestra entre dos fases inmiscibles en las cuales el analito y la matriz tienen 
solubilidades diferentes, y está regida por la constante de distribución KD, que se define 





donde [A]2 y [A]1 son las concentraciones de analito en la fase orgánica y en la muestra, 
respectivamente. La constante de distribución es característica de cada analito y depende 
de la temperatura [Cela, 2002]. Frecuentemente, la constante de distribución no es lo 
suficientemente grande como para que la extracción del analito sea cuantitativa en una 
única extracción por lo que se necesita repetir el proceso varias veces para conseguir 
resultados cuantitativos. El número de extracciones es mayor cuanto menor sea el valor 
de la constante de distribución. La selectividad y la eficacia de la extracción dependen de 
la correcta elección del disolvente inmiscible con la muestra pero también de otros 
factores como el pH, la adición de un agente complejante, la utilización de un reactivo 
formador de pares iónicos o la adición de sales neutras a la fase acuosa para reducir la 
solubilidad del analito (efecto salino o salting out effect). 
Esta técnica permite llevar a cabo extracciones rápidas y aplicables tanto a la 
separación de trazas como de macrocomponentes. Este método fue el aplicado por Xu y 
col.[Xu, 2006] en un estudio sobre la determinación de cloropropanoles en salsa de soja y 
otros condimentos como paso previo a la extracción en fase sólida (utilizan 2 alícuotas de 
1 mL de hexano para eliminar las grasas antes de realizar la SPE con Extrelut). Sus 
aplicaciones fundamentales son la separación de un analito o un grupo de compuestos de 
interés, separación de las interferencias presentes en la matriz y preconcentración de un 
analito antes de su medida. 
LLE es una de las técnicas más usadas en la determinación de 3-MCPD en alimentos 
[Jedrkiewicz, 2014]. Sin embargo, existen muchas desventajas inherentes a esta técnica, 
por ejemplo, es laboriosa y lenta, cara y susceptible de formar emulsiones, se requiere la 
evaporación de grandes volúmenes de disolventes y la eliminación de productos químicos 
tóxicos e inflamables. Además de incumplir los principios de la Química Verde, se 
requiere una cantidad relativamente grande de la muestra y habitualmente una etapa 
















La SPE se desarrolló a mediados de los años 70 como alternativa a la extracción 
líquido-líquido (LLE). La primera aplicación experimental de SPE comenzó 
aproximadamente cinco hace décadas con la utilización de carbón activado granular para 
la concentración de los compuestos orgánicos de aguas superficiales filtradas. La 
aplicabilidad de las fases ligadas para el proceso de SPE se introdujo a mediados de los 
años 70. Más tarde, se introdujeron los productos comerciales estandarizados y estables lo 
que dio lugar a una amplia utilización de estos materiales en procedimientos de SPE 
[Rahman, 2013]. 
Hoy en día es una de las técnicas de preparación de muestra más ampliamente 
utilizada en el caso de muestras líquidas y también en purificación de extractos 
procedentes de muestras sólidas. 
Mediante SPE, se consigue concentrar y/o purificar los analitos mediante su retención 
en una fase sólida, o fase estacionaria líquida inmovilizada sobre un soporte sólido, 
seguido de su elución con un disolvente adecuado [Thurmann, 1998, Rodríguez, 2000, 
Cela, 2002; Cámara, 2002].  
La separación en SPE se basa en la distribución selectiva de los analitos entre la fase 
sólida y una fase móvil. La base de todos los procedimientos de extracción se describe en 
Ley de distribución de Nernst. Un compuesto se distribuye entre los disolventes 
inmiscibles de acuerdo a una relación constante de sus concentraciones entre los dos 
disolventes. El sistema constante es descrito como el coeficiente de distribución de Nernst 
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donde Cs y Cm son las concentraciones del compuesto en la capa superior (fase 
estacionaria) (s) e inferior (fase móvil) (m), respectivamente. Al extraer los analitos, éstos 
se reparten entre una fase sólida (adsorbente) y una fase líquida (muestra) y deben tener 
una mayor afinidad por la fase sólida que por la matriz de la muestra [Buszewski, 2012]. 
Poole y col. [Poole, 2000] revisaron la determinación experimental y los modelos de 
predicción de las isotermas de adsorción (llamadas curvas de ruptura) que caracterizan a 
las distintas fases estacionarias. Las curvas de ruptura pueden proporcionar información 
suficiente para la identificación de los procesos fisicoquímicos que intervienen en el 
transporte de soluto a través de los adsorbentes. Hay varios parámetros fundamentales que 
caracterizan la curva: el volumen de ruptura VB, el volumen de equilibrio VE, el volumen 
de retención VR y el volumen total V0. El volumen de ruptura (VB) viene definido por la 
siguiente ecuación: 
 





donde σV es la desviación estándar de la curva.  
Los parámetros obtenidos en diferentes modelos propuestos permiten utilizar las 
características físico-químicas de los adsorbentes utilizados [Buszewski, 2012]. 
La SPE puede utilizarse con varios objetivos [Cela, 2002]: 
• Preconcentración de analitos: se consigue cuando el analito presente en un volumen 
elevado de muestra queda retenido en la fase sólida y es eluído posteriormente con 
pequeños volúmenes de disolvente. Por ejemplo, en la determinación de contaminantes 
orgánicos en aguas es posible extraer los compuestos presentes en 1-2 L de agua con 5-10 
mL del disolvente de elución, concentrando así entre 100-400 veces la muestra. 
• Purificación de extractos de muestras: eliminación de interferencias utilizando los 
disolventes de lavado adecuados. 
• Almacenamiento y transporte de analitos: es un procedimiento útil para el muestreo 
de gases y líquidos y el almacenamiento de compuestos con volatilidad elevada o 
inestables en disolución. 
• Cambio de fase: de interés en aquellos casos en los que el analito se encuentra, por 
ejemplo, en un disolvente no compatible con la técnica a emplear en su determinación 
final. 
Así, una vez que el compuesto ha sido retenido en el soporte sólido se eluye con un 
disolvente apropiado. 
• Fraccionamiento de la muestra en diferentes compuestos o grupos de compuestos, 
eluyendo cada fracción con un disolvente diferente. 
• También se pueden llevar a cabo reacciones de derivatización entre grupos reactivos 
del analito y los grupos funcionales de la superficie del adsorbente. 
Entre las múltiples ventajas que presenta la SPE destacan las siguientes [Thurmann, 
1998; Rodríguez, 2000; Cela, 2002; Cámara, 2002]:  
• Baja manipulación de la muestra. 
• Evita la formación de emulsiones. 
• Alto nivel de concentración. 
• Recuperaciones elevadas. 
• Extractos purificados. 
• Reducción del consumo de disolventes orgánicos. 
• Compatibilidad con el análisis cromatográfico. 
• Facilidad de automatización. 
• Gran variedad de fases estacionarias.  
 
Por todo ello y por las limitaciones de la LLE, la SPE ha ido reemplazando a ésta 












2.2.2.- ASPECTOS PRÁCTICOS 
 
Dos conceptos básicos a tener en cuenta en el desarrollo de un método de extracción 
en fase sólida son: 
• Capacidad del adsorbente: es la máxima cantidad de analito/interferentes que 
puede ser retenida en una determinada masa de adsorbente. Una vez que todos los centros 
activos del adsorbente están ocupados, los compuestos pasan a su través sin quedar 
retenidos. 
• Volumen de ruptura: es el volumen máximo de muestra que puede  pasar a través 
de un adsorbente sin que se produzcan pérdidas de analito. 
 
 
2.2.3.- DESCRIPCIÓN DEL SISTEMA 
 
El adsorbente utilizado en la extracción en fase sólida se empaqueta en tres formatos 
básicos: discos, cartuchos y jeringas Barrel [Thurmann, 1998; Cámara, 2002]. 
En los discos de SPE el adsorbente está inmovilizado en una matriz de microfibras, 
resultando una membrana de 0,5 mm de espesor que permite flujos de paso de muestra 
muy elevados a su través. En general se utiliza este tipo de dispositivos cuando el volumen 
de muestra a concentrar es muy grande y la concentración de los analitos muy baja. 
Los cartuchos y jeringas contienen el polímero adsorbente retenido en un cuerpo de 
polietileno gracias a unas fritas porosas que se hacen generalmente de polietileno y teflón. 
En el caso de los cartuchos contienen dos conexiones Luer, mientras que las jeringas sólo 
tienen una. Estas conexiones permiten la aplicación de un sistema de vacío para el paso de 
muestra. En SPE, el cartucho es el diseño más utilizado. 
Los procesos de concentración mediante extracción en fase sólida (SPE) constan de 
las siguientes etapas básicas: 
1. Acondicionamiento de la fase estacionaria.- Con un disolvente o mezcla de 
disolventes adecuados, eliminando así las impurezas, hidratando la fase 
estacionaria y facilitando la transferencia de  la muestra. 
2. Paso de la muestra a través del material adsorbente.- El objetivo de esta 
etapa es retener cuantitativamente el analito, consiguiendo además un cierto grado 
de purificación. 
3. Lavado.- Se utilizan disolventes con gran afinidad por las interferencias. 
4. Elución.- Con un disolvente apropiado, se recupera el analito de la fase 
estacionaria. Por lo general se utiliza un pequeño volumen de disolvente orgánico, 















Figura II.9.- Proceso de extracción y elución de los analitos en SPE [Reproducido 
con permiso de Editorial Síntesis, R .Cela, R. Lorenzo, M. Casais, “Técnicas de 





2.2.4.- ADSORBENTES Y MODOS DE INTERACCIÓN 
 
La selección de la fase es crucial para la obtención de eficacias de extracción 
elevadas, así como la mejor selectividad posible. Las fases estacionarias empleadas en 
SPE son similares a las empleadas en cromatografía líquida en columna. SPE ofrece 
numerosas fases estacionarias, que van desde los sorbentes de fase inversa tradicionales 
(C18, C8), de fase normal (sílice, alúmina), y el intercambio de iones, a fases de modo 
mixto (intercambio iónico + fase inversa) y resinas funcionalizadas a base polímeros de 
estireno-divinilbenceno (SDVB). Las más comunes son: carbón activo, silicato de 
magnesio (florisil), sílica gel, óxidos de aluminio derivatizados, sílices enlazadas y 
polímeros del tipo estireno-divinilbenceno, divinilbenceno- vinilpirrolidona (OASIS®). 
 
• Óxidos inorgánicos.- Los óxidos inorgánicos más utilizados en SPE son la sílice, 
la alúmina, el Florisil (silicato de magnesio sintético) y la tierra de diatomeas. Los grupos 
funcionales susceptibles de establecer puentes de hidrógeno se retienen fuertemente 
(carboxilos, hidroxilos, etc.), aquellos con carácter dipolar se retienen en menor medida 
(grupos nitro, éster, cetona…) y los grupos funcionales polarizables (anillos aromáticos, 
alquenos…) son los menos retenidos. 
 Extrelut®.- Es tierra de Diatomeas, químicamente inerte. A mediados de los años 70 






preparación de muestras en matrices acuosas. La extracción de cloropropanoles de 
diversas matrices utilizando Extrelut está ampliamente demostrada [Van Bergen 1992; 
Hamlet, 1997; Hamlet, 2002; Hamlet, 2004; DIN EN 14573, 2005; Huang, 2005; 
Schuhmacher, 2005; Xu, 2006] a pesar de las desventajas que presenta como el alto 
consumo de volúmenes de muestra y disolventes orgánicos. Este adsorbente es el 
utilizado por el método oficial del AOAC para la determinación de 3-MCPD en alimentos 
e ingredientes alimentarios. La muestra acuosa se pasa a través del una columna 
cromatográfica que contiene el Extrelut NT, distribuyéndose en forma de una película 
delgada sobre la matriz químicamente inerte (actúa como fase estacionaria). A 
continuación se pasa un disolvente orgánico (por ej. Éter dietílico, acetato de etilo o 
hidrocarburos halogenados) no miscible con agua para extraer todas las sustancias 
lipofílicas. Durante este proceso la fase acuosa se mantiene en la fase estacionaria. 
Posteriormente se eluye el 3-MCPD con 250 mL de dietil éter, se lleva a sequedad y se 
reconstituye en 2,2,4-trimetilpentano para su posterior derivatización con HFBI y análisis 
[Brereton, 2001]. 
 
• Sílices enlazadas.- Son fases de sílice activadas mediante reacción con 
organosilanos formándose enlaces silil-éter. Estas fases se clasifican, atendiendo a la 
polaridad del grupo funcional, en fases de modo inverso (octadecil (C18), octil (C8), etil 
(C2), fenil (Ph), etc.) o fases normales (ciano o aminopropilos, dioles, etc.). En la fase 
normal, las interacciones ente analito y fase extractante son de tipo polar, de modo que se 
favorece la extracción de compuestos polares de matrices poco polares (aceites). Para la 
elución de los analitos se utilizan disolventes de alta polaridad y fuerza iónica. Las 
interacciones que se establecen en las fases inversas son de tipo Van de Waals entre los 
enlaces C-H de los analitos y del grupo funcional adsorbente. Esto favorece la extracción 
de analitos orgánicos de matrices polares como por ejemplo el agua. La elución de los 
analitos se lleva a cabo con disolventes poco polares. El C18 es, con diferencia, la fase 
enlazada más utilizada debido a su capacidad para retener tanto analitos apolares como 
moderadamente polares. Los volúmenes de ruptura para moléculas pequeñas y muy 
polares son, a menudo, insuficientes para su determinación a niveles traza. Además, estas 
fases son inestables a pH extremos (2>pH>8). Los adsorbentes poliméricos y el carbón 
son una posible solución a los problemas anteriores ya que son estables en todo el 
intervalo de pH y no poseen grupos silanoles ionizables. 
 
• Intercambio iónico.- Están formadas por un soporte de sílice o un polímero con 
grupos funcionales enlazados con propiedades ácido-base. Se producen interacciones de 
tipo electrostático entre compuestos con cargas de signo opuesto. De este modo, se 
seleccionarán intercambiadores catiónicos cuando se quiera obtener cationes e 
intercambiadores aniónicos para aislar aniones. Los intercambiadores catiónicos contienen 
grupos ácidos fuertes (ácido sulfónico y derivados) o débiles (ácido carboxílico) mientras 
que los aniónicos presentan grupos básicos fuertes (aminas cuaternarias) o débiles (aminas 
primarias, secundarias o terciarias). Tanto la interacción como la elución de los analitos 
dependen de varios factores como son el pH de la matriz, el pH del eluyente y el pKa de 





absorbentes de fase dual o de modo mixto, permitiendo extracciones selectivas a través de 
mecanismos de intercambio de iones, así como la percolación volúmenes de muestra más 
altos debido a un aumento en el área superficial del polímero. Los primeros adsorbentes 
mixtos disponibles comercialmente fueron desarrollados por Waters Corporation (Milford, 
MA, EE.UU.), que presentaron cuatro nuevos sorbentes para SPE: Oasis MCX (SCX), 
Oasis WCX (WCX), Oasis MAX (SAX) y Oasis CERA (CERA). Todos estos sorbentes 
de modo mixto se basaron en el esqueleto de Oasis HLB modificado químicamente con 
grupos sulfónicos para SCX, ácidos carboxílicos para WCX, dimetilbutilamina para SAX 
y piperazina de CERA [Gilart, 2014]. 
 
• Adsorbentes poliméricos.- Los más utilizados son los copolímeros de estireno-
divinilbenceno (PS-DVB), los cuales contienen una superficie hidrófoba. Su estructura 
contiene gran cantidad de anillos aromáticos que establecen interacciones del tipo Π-Π 
con los analitos, de modo que pueden retener compuestos muy polares si tienen estructura 
orgánica. Además son más estables frente a pH extremos que los basados en sílices 
enlazadas. La ausencia de grupos silanol, implica menos interacciones secundarias y la 
amplia estabilidad de pH de estos polímeros incrementa la flexibilidad de desarrollo de 
métodos. Para superar algunas limitaciones como la falta de área superficial específica, se 
han desarrollado algunos polímeros altamente reticulados con mayor área superficial (800-
1200 m2 g-1) que las de los sorbentes poliméricos convencionales (350-500 m2 g-1). Sin 
silanoles, sólo existe un mecanismo de retención predominante, lo que resulta en 
protocolos de extracción simples [Buszewski, 2012]. Entre este tipo de polímeros nos 
encontramos el Oasis HLB® (que se han utilizado en algunas de las aplicaciones de esta 
Tesis Doctoral), polímero macroporoso obtenido a partir de los monómeros 
divinilbenceno (DVB) de carácter lipofílico y N-vinilpirrolidona (VP) de carácter 
hidrofílico, con lo cual permite un balance hidrofílico-lipofílico adecuado para la 
retención de compuestos orgánicos polares y no polares presentes en muestras acuosas. 
Desde su comercialización, Oasis  HLB se ha convertido cada vez más popular para la 
preparación de muestra debido a las ventajas que ofrece: extracción de tanto polar y apolar 
compuestos, alta capacidad, limpieza de matrices complejas y eficacia en términos de 














• Polímeros impresos molecularmente.- Los polímeros de huella molecular 
(molecularly imprinted polymers, MIPs) poseen lugares de reconocimiento dentro de la 
matriz polimérica complementarios al analito en el perfil y posición de sus grupos 
funcionales. Los MIP se diseñaron para establecer interacciones selectivas con un analito 
diana (plantilla), mientras que los compuestos no deseados no eran retenidos en su 
estructura, eliminando las interferencias y, como resultado, la reducción del efecto de la 
matriz [Gilart, 2014]. Los MIPs se obtienen sintetizando polímeros altamente 
entrecruzados en presencia de una molécula plantilla. Una vez obtenido el polímero, se 
extrae el compuesto modelo, quedando así huecos libres capaces de reconocer la molécula 
implicada en la formación del polímero. La síntesis del polímero tiene lugar en presencia 
de una gran cantidad de la molécula plantilla, que puede ser difícil de extraer 
cuantitativamente del polímero, reduciendo su capacidad de enlace o, lo que es más serio, 
las moléculas modelo residuales pueden pasar al extracto de la muestra invalidando así la 
determinación debido a problemas con los blancos. Una solución a este problema es 
utilizar un compuesto plantilla similar al analito para la síntesis del MIP. Algunos MIPs 
























































reconocimiento naturales tales como los anticuerpos monoclonales, son más fáciles de 
preparar que los inmunoadsorbentes y el coste y tiempo requeridos para su síntesis es 
menor [Carro-Díaz, 2013]. Li y col. sintetizaron un novedoso material de impresión 
molecular basado en micropartículas de sílice por polimerización superficial usando 3-
cloro-1,2-propanodiol (3-MCPD) como una molécula de plantilla. El polímero impreso 
molecularmente (MIP) se caracterizó por espectroscopía de infrarrojo y microscopía 
electrónica. La adsorción de 3-MCPD por MIP se midió por cromatografía de gases con 
detección de captura de electrones (GC-ECD) [Li, 2014]. 
 
• Líquidos iónicos.- En los últimos años, se han inmovilizado líquidos iónicos (ILS) 
sobre sílice o soportes poliméricos (conocidas como fases IL-SILPs) con el fin de 
aprovechar la funcionalidad química de los líquidos iónicos dando como resultado nuevos 
grupos de fases estacionarias con diferentes campos de aplicación. Por lo tanto,  los SILPs 
se pueden considerar otra clase de material de sorción. Los líquidos iónicos son sales 
inorgánicas y orgánicas con puntos de fusión por debajo de 100 ºC. La mayoría de los 
líquidos iónicos son una combinación de cationes orgánicos (por ejemplo, imidazol, 
piridina, pirrolidina, de amonio y de fosfonio) y aniones, que puede ser inorgánicos (por 
ejemplo, Cl-, PF6- , BF4- y NTf2-) u orgánica (por ejemplo, trifluorometilsulfonato o 
trifluoroetanoato). Los SILPs como materiales de SPE surgieron en 2009, desde entonces 
el número de comunicaciones ha aumentado de forma constante [Fontanals, 2012]. 
 
• Materiales nanoestructurados.- El desarrollo de materiales de formato y tamaños 
próximo a la escala del nanómetro (NPs, nanocristales, nanotubos y nanogeles) ha tenido 
un gran impacto en varios campos de la ciencia, incluyendo la química analítica, sobre 
todo como base para sensores y separación química. La aplicación de algunos de estos 
nanomateriales como adsorbentes en SPE han sido descritos recientemente en la 
bibliografía [Augusto, 2013]. Las nanofibras poliméricas especialmente electrohiladas 
(NFs) poseen grandes áreas superficiales, fuerza y flexibilidad, lo que hace estos 





















2.5.- PARÁMETROS A OPTIMIZAR EN LA SPE 
 





(normalmente de 3-5 
veces el volumen de 
la fase) 
Asegura un flujo y retención reproducible  
Paso crítico para membranas con partículas cargadas 
Ayuda a minimizar la contaminación del extracto con impurezas del 
adsorbente 
Se puede reemplazar por disolvente de la muestra antes de pasar la 
muestra 
Flujo  
(0,2-1,5 mm s-1) 
Más crítico para los cartuchos que en los discos debido a su densidad de 
empaquetamiento variable y heterogéneo (canalización) 
Más crítico cuando el volumen de la muestra supera el volumen de 
ruptura. Como dispositivos de muestreo proporcionan muy pocos platos 
teóricos para que la retención  sea independiente del flujo   
Propiedades de la 
muestra 
Las muestras viscosas se deben diluir con un disolvente de baja viscosidad 
para reducir el tiempo de procesado de la muestra 
Eliminar el exceso de partículas por filtración o centrifugación para 
mantener una velocidad de muestreo constante 
Añadir una pequeña cantidad de disolvente orgánico (1-3 % v/v) a grandes 
volúmenes de muestras de agua para garantizar que el adsorbente 
permanece solvatado y para mantener una  tasa de procesamiento de 
muestra constante (rápida). Importante para las membranas de partículas 
cargadas 
Ajustar el pH para reducir la ionización de ácidos y bases débiles en 
muestreos de fase inversa 
Mantener constante la fuerza iónica en muestras y estándares en 
condiciones de fase inversa. La fuerza iónica es un parámetro crítico en la 
extracción de cambio iónico. 
Puede ser necesario una deproteinización de biofluidos para conseguir una 
recuperación aceptable de analitos de bajo peso molecular en extracciones 
de fase inversa 
Algunas veces es necesario la precipitación de ácidos inorgánicos con 
hidróxido de bario para una recuperación aceptable de ácidos orgánicos de 
biofluidos en la extracción de cambio iónico 
Tiempo de secado 
(normalmente 1-5 
min, algunas veces 
considerablemente 
más largo)  
Suficiente para eliminar todo el disolvente de la muestra atrapado en los 
poros del adsorbente 
Un secado excesivo puede dar una baja recuperación de los analitos por 
evaporación o retención en las regiones mal solvatadas del adsorbente 
Lavado (opcional) 
Un pequeño volumen de disolvente de fuerza intermedia para eluir 
componentes de la matriz mientras los analitos permanecen inmovilizados 
en el adsorbente 
Fluidos biológicos, extractos de plantas y extractos de suelo requieren a 
menudo una etapa de lavado. En aguas superficiales no se suele aplicar 
Disolvente de 
elución (idealmente 
2-3 veces el 
volumen de la fase, 
puede utilizarse  
mayor cantidad) 
Debe ser un disolvente fuerte, capaz de desplazar a todos los analitos del 
adsorbente en un pequeño volumen. Normalmente debe ser volátil y 








SPE fue utilizada por primera vez para la determinación de cloropropanoles en 1992. 
El método se basaba en la purificación de la muestra usando una columna de Extrelut, la 
derivatización del extracto con un agente de heptafluorobutirilo y el análisis por GC-MS. 
Esta extracción fue el punto de partida para el desarrollo por Brereton y col. de un método 
que era aplicable a una amplia gama de productos alimenticios, que se convirtió en un 
método oficial aceptado por la AOAC Internacional. Estos métodos basados en columnas 
de Extrelut consumen mucho disolvente y tiempo. En esta tesis se propone un método 
para la determinación de cloropropanoles en muestras de agua basado en cartuchos Oasis 
HLB, disponibles comercialmente, que reducen el tiempo de análisis, consumo de 




2.3.- MICROEXTRACCIÓN EN FASE SÓLIDA (SPME)   
 
La microextracción en fase sólida (SPME) es una técnica de preparación de muestra 
desarrollada por Belardi y Pawliszyn en 1989 y que en los últimos años ha sido objeto de 
un gran desarrollo [Belardi, 1989; Pawliszyn, 1997; Cela, 2002; Pawliszyn, 2010; 
Risticevic, 2012; Souza, 2013; Bojko, 2014]. Se basa en la utilización de una fibra de 
sílice fundida recubierta con una fase estacionaria absorbente/adsorbente de naturaleza 
polimérica [Belardi, 1989; Basheer, 2005]. La fibra se expone a la muestra acuosa o 
gaseosa a analizar, hasta que se establece el equilibrio entre el analito en la muestra y la 
fibra. Posteriormente, el analito es desorbido de la fibra a temperatura elevada en el 
inyector de un cromatógrafo de gases, y analizado por CG [Lambropoulou, 2000] o por 
LC [Lord, 2007]. 
El dispositivo más empleado en SPME, comercializado por Supelco en 1993, 
consiste en una fibra de sílice fundida (generalmente de 1 cm de longitud y 0,11 mm de 
diámetro interno), químicamente inerte, estable a altas temperaturas y recubierta con un 
polímero absorbente/adsorbente. La fibra utilizada en SPME se sitúa en el interior de una 
aguja de acero inoxidable que protege la fase sólida cuando se manipula el portafibras o 
cuando se introduce a través del septum de un vial o del inyector de un equipo [O´Reilly, 
2005]. Esta aguja forma parte de una jeringa especialmente diseñada para portar la fibra 
cuyo esquema se muestra en la figura II.11. 
El hecho de que el dispositivo portafibras tenga forma de jeringuilla permite que 
pueda ser usado en equipos de GC y HPLC sin grandes dificultades y es en el inyector del 
equipo cromatográfico donde los analitos se desorben térmicamente (GC) o por 
disolución en la fase móvil (HPLC) [O’Reilly, 2005; Aulakh, 2005]. 
La SPME presenta diversas ventajas frente a técnicas más rutinarias como la 
extracción líquido-líquido o la extracción en fase sólida. En primer lugar puede utilizarse 
como técnica de muestreo in situ, e integra la extracción y preconcentración en un solo 
paso, simplificando así la etapa de preparación de muestra. Dado que la muestra es 






2.3.1.- FUNDAMENTOS TEÓRICOS DE LA SPME 
 
El principio en el que se basa la SPME es la partición de los analitos entre la matriz 
de la muestra y el recubrimiento de fibra. Así, el transporte de los analitos desde la matriz 
de la muestra hasta la fibra comienza cuando la fibra entra en contacto con la muestra y la 
extracción se considera completa cuando la concentración de analito ha alcanzado el 
equilibrio de distribución entre la muestra y la fibra. En la práctica esto significa que, una 
vez que se ha alcanzado el equilibrio, la cantidad extraída permanece constante dentro de 
los límites del error experimental y es independiente de un incremento posterior del 

















2.3.2.- PROCEDIMIENTO DE LA SPME 
 
En el proceso de SPME se pueden diferenciar dos etapas. Una primera etapa de 
extracción en la que la fibra recubierta del absorbente/adsorbente se pone en contacto con 
la muestra durante un tiempo y temperatura determinadas, de manera que se produce una 
migración de los analitos desde la solución a la fibra hasta que se alcanza la situación de 
equilibrio. Después de esta primera etapa, se realiza la desorción de los analitos retenidos 
por la fibra [Cela, 2002]. 
Etapa de extracción o etapa de muestreo. En un vial se sitúa la muestra acuosa 
conteniendo analitos orgánicos o la muestra sólida contiendo compuestos orgánicos 
volátiles, el vial se cierra con un septum y una cápsula. La aguja de la jeringuilla con la 
fibra en su interior perfora el septum [O´Reilly, 2005]. Pulsando a continuación el 
émbolo, se expone la fibra en contacto con la muestra acuosa o con el espacio de cabeza 
existente sobre ésta (ver figura II.12). Los compuestos orgánicos de la muestra son 
absorbidos/adsorbidos en la fibra, produciéndose el reparto de los analitos entre la 
muestra y el recubrimiento de la fibra. Después de un tiempo predeterminado, la fibra se 
retrae e introduce nuevamente en la aguja y la jeringuilla se retira del vial de muestreo 
(ver figura II.12).  
Etapa de desorción. Inmediatamente después, la jeringuilla se introduce en un 
inyector de un instrumento analítico (cromatógrafo de gases o un equipo de cromatografía 
líquida de alta resolución-HPLC) [Zhang, 1993], donde los analitos son desorbidos 
térmicamente o por disolución en la fase móvil, según la técnica instrumental empleada 
(ver figura II.12.c).  
 
Modos de extracción. Existen tres tipos básicos de microextracción en fase sólida 
(ver figura II.13) [Eisert, 1997; Gorecki, 1999; Cela, 2002]. 
- Extracción directa (DI). 
- Extracción del espacio de cabeza (HS). 
- Extracción utilizando una membrana protectora (ver figura II.14). 
 
En la extracción directa, la fibra se introduce directamente en la muestra líquida y 
los analitos son transportados directamente desde la matriz de la muestra a la fase 
extractante (ver figura II.12.a). Para favorecer la extracción se recomienda la agitación. 
Este modo de extracción está especialmente indicado en la separación de compuestos 
poco volátiles en muestras simples (limpias). 
 
En la extracción del espacio de cabeza (HS-SPME), la fibra se expone al espacio de 
cabeza existente sobre la muestra. Los analitos han de ser transportados en una primera 
etapa desde la matriz de la muestra al espacio de cabeza, antes de que sean 
absorbidos/adsorbidos en la fibra (ver figura II.12.b). De esta manera, se protege la fase 
absorbente/adsorbente de la fibra de la absorción/adsorción de compuestos de elevado 
peso molecular y de otros compuestos no volátiles presentes en la matriz, tales como por 
ejemplo, compuestos húmicos o proteínas, en muestras ambientales o biológicas. Cuando 






volúmenes de muestra y de espacio de cabeza, las cantidades de analitos extraídos en la 
fase estacionaria al alcanzarse el equilibrio son idénticas. La concentración en el 
equilibrio es independiente de la localización de la fibra en el sistema muestra-espacio de 
cabeza. 
El modo de muestreo, sin embargo, sí afecta a la cinética del proceso de extracción 
[Cela, 2002]. Los analitos volátiles se extraen más rápidamente que los semivolátiles ya 
que su concentración es más elevada en el espacio de cabeza, lo cual contribuye a que el 
transporte de masa sea más rápido a través del espacio de cabeza. Por ello, la temperatura 
tiene un efecto significativo en la cinética del proceso. De hecho, el tiempo necesario para 
alcanzar el equilibrio es más corto en la SPME de espacio de cabeza que con la extracción 




Figura II.12.- Esquema del proceso de SPME-GC: (a) inmersión directa; (b) HS-




Microextracción en fase sólida indirecta a través de una membrana. Con la 
membrana se pretende proteger la fibra y evitar su deterioro cuando se extraen muestras 
complejas (ver figura II.13). Su utilización es adecuada cuando se quieren determinar 
analitos con volatilidades demasiado bajas para utilizar el procedimiento de espacio de 
cabeza. 
La cinética del proceso de extracción con membrana es más lenta que en la 
extracción directa porque los analitos deben difundir a través de la membrana antes de 














2.3.3.- PARÁMETROS QUE AFECTAN A LA EXTRACCIÓN 
 
La termodinámica predice los efectos que producen ciertas condiciones de extracción 
en el reparto de los analitos entre la fibra y la matriz [Cela, 2002]. 
Estos parámetros son: 
− Recubrimiento polimérico de la fibra. 
− Temperatura y tiempo de extracción. 
− Efecto salino. 
− pH de la muestra. 
− Volumen de la muestra. 
− Volumen del espacio de cabeza. 
− Agitación de la muestra y forma del vial. 




2.3.3.1.- RECUBRIMIENTO POLIMÉRICO DE LA FIBRA 
 
El recubrimiento polímerico de la fibra es un parámetro característico que describe 
las propiedades de la fibra y su selectividad por el analito frente a otros componentes de 
la matriz. El volumen del recubrimiento determina la sensibilidad del método, pero si se 
Fibra








usan fibras con demasiado espesor de fase, la cinética del proceso se hará muy lenta y los 
tiempos de extracción serán muy altos [Cela, 2002]. 
La naturaleza química del analito determina qué tipo de fase debe utilizarse en la 
extracción. Actualmente, se comercializan varios tipos de fases estacionarias con 
diferentes espesores y polaridades que muestran afinidad por diferentes analitos (ver tabla 
II.4). Los diferentes recubrimientos de las fibras permiten que la SPME pueda usarse para 
determinar un amplio grupo de compuestos: 
− Polidimetilsiloxano (PDMS). Es una fase no polar que presenta gran 
afinidad por los compuestos apolares, aunque puede ser utilizada para extraer 
compuestos moderadamente polares. 
− Poliacrilato (PA). Es una fase adecuada para compuestos más polares, 
como por ejemplo fenoles. Los coeficientes de difusión son menores que los del 
polidimetilsiloxano, resultando tiempos de extracción mayores. 
- Fases mixtas,  presentan propiedades complementarias a las de las fases de 
PDMS y PA. En este grupo se incluyen las fases de 
polidimetilsiloxano/polidivinilbenceno (PDMS/DVB); 
polietilenglicol/polidivinilbenceno (Carbowax/DVB), carbono 
activo/polidimetilsiloxano (Carboxen/PDMS), polietilenglicol /resina templada 
(CW/TPR), polidivinilbenceno/carboxen/polidimetilsiloxano (DVB/CAR/PDMS). 
Estas fibras, más polares que las de PA, son adecuadas para extraer compuestos 
más polares como alcoholes y éteres. Además las fibras de carboxen/PDMS tienen 
mayor área superficial y son adecuadas para la extracción de compuestos 
orgánicos volátiles (VOCs) polares como alcoholes y éteres. Además las fibras de 
carboxen/PDMS tienen mayor área superficial y son adecuadas para la extracción 
de compuestos orgánicos volátiles (VOCs). 
 
En las fibras de PDMS y de PA, dado que el recubrimiento es un líquido muy 
viscoso, la extracción de los analitos se debe principalmente a un proceso de absorción, 
mientras que en las otras, en los que la fase estacionaria es un sólido poroso, la extracción 
se debe principalmente a un proceso de adsorción [Mullet, 2003], aunque en la práctica 
compiten ambos efectos (ver figura II.14). 
 
Recientemente, los polímeros de impresión molecular (MIPs) han demostrado ser 
materiales útiles en muchos campos de la química, principalmente como un absorbente 
selectivo para SPE, pero también como recubrimientos en SPME, debido a su selectividad 
predeterminada por un analito diana o grupo de compuestos estructuralmente 
relacionados y, por otra parte, son químicamente estables y su preparación es fácil y 
barata [Pereira 2014]. Este enfoque fue desarrollado por primera vez por Koster y col. 
[Koster, 2001] que desarrollaron una fibra de sílice recubierta con MIP para SPME para 
la cuantificación sensible de clenbuterol y cinco análogos en orina humana [Pereira 
2014]. 
En la bibliografía se describe la síntesis de nuevos adsorbentes capaces de aislar 
analitos polares de muestras con matriz polar, particularmente agua, debido a su alta 





polímeros de impresión molecular y inmunoabsorbentes, que se han utilizado para 







Figura II.14.- Clasificación de las fibras de SPME según si la extracción se produce 




2.3.3.2.- TEMPERATURA Y TIEMPO DE EXTRACCIÓN 
 
La temperatura es un parámetro muy importante en la optimización de la SPME, ya 
que afecta a la cinética de extracción y, por tanto, a la sensibilidad y selectividad del 
proceso. La temperatura de extracción tiene dos efectos opuestos en el proceso de SPME. 
El incremento de temperatura durante la extracción, aumenta la difusión de los analitos 
hacia la fibra [Vas, 2004]. Además, en el modo de muestreo de espacio de cabeza, la 
temperatura ayuda a la transferencia de los analitos al espacio de cabeza. Por otra parte, 
como la etapa de absorción es un proceso exotérmico, este incremento de temperatura 
reduce la constante de distribución de los analitos. 
El objetivo de todo proceso de SPME es alcanzar el equilibrio de distribución en el 
sistema (ver figura II.15). Cuando esto ocurra, se extraerá la cantidad máxima de analito 
en el correspondiente tiempo de equilibrio. El tiempo de equilibrio se define como el 
tiempo después del cual la cantidad de analito permanece constante y corresponderá, sin 
error experimental, a la cantidad extraída a tiempo infinito. La agitación de la muestra 
reduce el tiempo necesario para alcanzar el equilibrio ya que favorece la difusión de los 














Los compuestos con constantes de distribución bajas presentan tiempos de equilibrio 
mayores. Desde el punto de vista práctico, puede trabajarse con un tiempo de extracción 
menor, sin llegar a alcanzar el equilibrio, siempre y cuando se haga un control estricto del 
mismo para obtener suficiente reproducibilidad. 
 
 
Tabla II.4.- Tipos de fibras comerciales para su uso en SPME 
 






- 100 µm, fase no enlazada 
- 30 µm, fase no enlazada 



























- 65 µm, fase parcialmente entrecruzada 
- 60 µm, fase parcialmente entrecruzada 











































- 75 µm, fase parcialmente entrecruzada 




















- 65 µm, fase parcialmente entrecruzada 





< 265 ºC 












Carbowax/Resina templada (CW/TPR): 
 


















- 50/30 µm fase muy entrecruzada (Stableflex1) 






















 Fibras Stableflex: el recubrimiento está depositado sobre una fibra de sílice fundida flexible 
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Figura II.15.- Variación con el tiempo de la cantidad de analito retenida por la 




2.3.3.3.- EFECTO SALINO 
 
La adición de sales (NaCl, KCl, Na2SO4) a muestras acuosas provoca un aumento de 
la fuerza iónica de la disolución muestra, tendiendo las moléculas de agua a solvatar a los 
iones presentes en la muestra y no a las moléculas neutras de los analitos. Se produce, por 
tanto, una disminución de la solubilidad de los analitos en agua, forzando su paso a otras 
fases del sistema, espacio de cabeza y fibra, originando un incremento de sensibilidad 
[Cela, 2002].  
 
 
2.3.3.4.- pH DE LA MUESTRA 
 
El pH de la muestra afecta al equilibrio de disociación de los analitos en medio 
acuoso [Cela, 2002]. La extracción es más eficaz si los analitos están sin disociar. 
Por ejemplo, cuando el pH disminuye, se produce un aumento de la concentración 
del ácido en su forma no disociada, resultando un aumento de la cantidad extraída por la 
fibra y, por tanto, un incremento de la sensibilidad. Para obtener la máxima sensibilidad, 
se debe trabajar a un pH al menos dos unidades por debajo (especies ácidas) o por encima 
(especies básicas) del correspondiente pKa [Vuckovic 2011]. 
En la práctica, en las extracciones afectadas por el pH, las muestras deben 
tamponarse para conseguir buena reproducibilidad. Cuando se trabaja con muestras que 
están a pH extremos, se recomienda recurrir al espacio de cabeza, HS-SPME, para evitar 




















El control del tiempo de 










2.3.3.5.- VOLUMEN DE MUESTRA 
 
Es importante optimizar el volumen de muestra, ya que es un parámetro que está 
directamente relacionado con la sensibilidad del método en SPME [Cela, 2002]. 
Generalmente, el volumen de muestra es mucho mayor que el volumen de la fibra, y la 
cantidad de analito extraído solamente es proporcional al coeficiente de reparto, la 
concentración de la muestra y el volumen de la fibra. La sensibilidad del método en 
SPME es proporcional al número de moles de analito (n), extraídos de la muestra.  
 
 
2.3.3.6.- VOLUMEN DEL ESPACIO DE CABEZA 
 
En espacio de cabeza, los analitos se distribuyen entre la matriz de muestra, la fibra y 
el espacio de cabeza. Los compuestos muy volátiles se concentran en el espacio de 
cabeza, y su volumen debe ser pequeño para que los analitos se concentren antes de su 
difusión hacia el recubrimiento de la fibra [Cela, 2002]. Si el volumen es muy grande se 
produce una sustancial pérdida de sensibilidad. 
El volumen de espacio de cabeza afecta también a la cinética del proceso. Cuanto 
más pequeño sea éste con relación al volumen de muestra más rápido será el transporte de 
los analitos desde la muestra a la fibra [Pawliszyn, 1997]. 
 
 
2.3.3.7.- AGITACIÓN DE LA MUESTRA Y FORMA DEL VIAL 
 
Cuando se concentran muestras gaseosas el tiempo de equilibrio es corto y 
generalmente está limitado por la difusión de los analitos en la fibra. Se produce una 
situación similar cuando se analizan compuestos muy volátiles mediante HS-SPME. En 
este caso, la mayoría de los analitos se encuentran en el espacio de cabeza dando lugar a 
extracciones relativamente rápidas incluso cuando el sistema no se agita. Sin embargo, en 
la mayor parte de las muestras, es conveniente agitar el sistema para facilitar el transporte 
de masa entre la muestra acuosa y la fibra y, de esta forma, acelerar la cinética del 
proceso y reducir el tiempo de extracción [Cela, 2002]. En HS-SPME, la agitación facilita 
la transferencia de masa entre la fase acuosa y el espacio de cabeza, originando 
extracciones más rápidas de las especies menos volátiles [Eisert, 1996]. 
La forma del vial también afecta a la cinética del proceso de extracción. En HS-
SPME estática, la transferencia de masa entre la muestra y el espacio de cabeza estará 
afectada por el tamaño de la superficie de contacto entre las dos fases. Asimismo, 











2.3.3.8.- ADICIÓN DE DISOLVENTE 
 
Según la teoría termodinámica de SPME, la cantidad de disolvente orgánico en una 
muestra debe mantenerse en un mínimo, de modo que  constante de distribución (Kes) 
matriz de la muestra/recubrimiento fibra no disminuya [Arthur, 1992; Eisert, 1995]. Para 
obtener eficiencias de extracción óptimas y evitar el cambio en Kes, la composición 
disolvente orgánico natural y/o la composición disolvente orgánico después de la 
adición/fortificación no debe exceder de 1% del volumen de muestra. En la preparación 
de estándares de calibración, la cantidad de disolvente añadido debe mantenerse constante 
para todos los patrones [Ristecivic, 2012]. 
Por otra parte, la adición de agua o de disolventes orgánicos a muestras de suelos y 
lodos ha demostrado ser muy eficaz para facilitar la liberación de analitos desde la matriz 
y mejorar su difusión a la fase estacionaria de la fibra [Krogh, 1997; Doong, 2001]. 
Además, puede ser usada con altas temperaturas de extracción, lo cual favorece la 





La determinación de compuestos polares se presenta como un importante problema 
en el análisis medioambiental. Estos analitos son generalmente muy difíciles de extraer y 
de separar mediante GC [Cela, 2002]. La derivatización de estos compuestos para formar 
compuestos menos polares es una alternativa frecuentemente utilizada para intentar 
resolver este problema. La derivatización de estos compuestos que favorece su extracción 
mediante SPME puede realizarse de tres formas (ver figura II.16): 
 Adición directa del reactivo derivatizante a la matriz de muestra: se 
produce la reacción de derivatización y los derivados formados se extraen con la 
fibra mediante SPME [Mills, 2000]. 
 El reactivo derivatizante se encuentra unido al recubrimiento de la fibra 
[Martos, 1998]. En este caso, puede producirse la derivatización y extracción 
simultáneamente, o bien la extracción de los analitos y posterior derivatización 
[Gmeiner, 1998]. 
 La derivatización tiene lugar en el inyector del cromatógrafo de gases 
cuando los analitos y reactivo derivatizante presentes en la fibra se someten a altas 
temperaturas [Liu, 2002]. 
 
Generalmente, la incorporación de una etapa de derivatización aumenta la 
complejidad del método de SPME, por tanto, sólo debe realizarse cuando realmente sea 















2.3.4.- DESORCIÓN DE LOS ANALITOS DE LA FIBRA DE SPME 
 
La optimización de las condiciones para la desorción en SPME es muy crítica, ya que 
en este paso es necesario conseguir la máxima eficiencia de transferencia de los analitos 
extraídos al sistema analítico. Los procesos de desorción son diferentes en las 
aplicaciones de SPME-GC, SPME-LC y SPME-EC, por tanto es necesario optimizar 
diferentes parámetros en los procesos de desorción gaseosa frente a las fases acuosas. 
En el acoplamiento SPME-cromatografía de gases, los analitos se desorben porque al 
aumentar la temperatura, se reduce su afinidad por la fibra, a la vez que son arrastrados 
por el gas portador. Los principales factores que afectan a la desorción térmica son: 
 El tipo de inyector y el flujo alto de gas portador: en SPME se trabaja en 
modo sin-división durante la desorción para transferir los analitos a la cabeza de la 
columna cromatográfica en forma de una banda estrecha. El volumen del inserto 
(liner de 0,7 mm de d.i.) también afecta a la forma de los picos cromatográficos. 
 La temperatura: al aumentar la temperatura aumenta también el coeficiente 
de difusión de los analitos en el recubrimiento de la fibra y la constante de 
distribución, Kfg, entre la fase de la fibra y el gas portador decrece. Aunque 
depende del tipo de fase, generalmente se trabaja entre 150-250 ºC. 
 El tiempo de desorción: depende de la temperatura; entre 1-2 minutos suele 
ser suficiente. 
En el acoplamiento SPME-cromatografía líquida, los principales factores que afectan 
a la eficacia de la desorción son: 
- La composición del disolvente de desorción. 
- El tiempo de desorción 
- El volumen de disolvente de desorción 
- La agitación. 
Derivatización
en la f ibra
Derivatización
en la muestra
Derivatización en el puerto de











2.3.5.- VENTAJAS Y LIMITACIONES DE LA MICROEXTRACCIÓN EN 
FASE SÓLIDA (SPME) 
 
La SPME se ha aplicado para la extracción de pesticidas y otros contaminantes en 
una amplia gama de matrices, muestras medioambientales, desechos industriales, control 
de procesos, drogas, muestras forenses, alimentos y análisis de aguas. Esta técnica es 
seleccionada con frecuencia en la preparación de muestras por análisis cromatográfico 
(GC, GC-MS, GC-MS/MS, LC -MS, LC-MS/MS) y HPLC/DAD/MS. 
 
 
VENTAJAS DE LA SPME 
 
Las numerosas ventajas de la técnica de SPME incluyen: 
• No se usan disolventes tóxicos 
• Corto tiempo de preparación de muestra 
• Compatible con la separación del analito y la detección con instrumentos 
cromatográficos y susceptible de automatización 
• Permite la extracción de compuestos polares, semipolares y no polares y otros 
contaminantes de matrices sólidas, líquidas o gaseosas  
• Resultados lineales para una amplia gama de analitos 
• Resultados altamente cuantificables para concentraciones muy bajas de 
analito 
• Permite el uso de pequeños volúmenes de muestra 
• Costo de análisis relativamente bajo 
• Un tamaño pequeño, lo que hace que sea conveniente para el diseño de 




LIMITACIONES DE SPME 
 
La limitación más importante es la fragilidad de la fibra. En algunas fibras el 
rendimiento es diferente de lote a lote. Una fibra nueva tiene que ser acondicionada antes 
de su uso, ya que puede producirse pero un poco de sangrado del recubrimiento de la 
fibra. La temperatura del inyector GC siempre se debe mantener por debajo de la 
temperatura máxima de funcionamiento del recubrimiento especificada por el fabricante. 
Después de desorción de los analitos en los instrumentos cromatográficos, algunos 
analitos/matriz pueden seguir en la fibra, y por lo tanto se necesita ejecutar un análisis en 
blanco con la fibra después de cada toma de muestra. La fibra se puede dañar de forma 
permanente debido a la adsorción irreversible de compuestos de alto peso molecular. 
Algunas de estas limitaciones se pueden superar mediante el uso de SPME en espacio de 








2.3.6.- APLICACIONES A LA EXTRACCION DE CLOROPROPANOLES 
 
Huang y col. aplicaron la HS-SPME acoplada con GC-MS para determinar 3-MPCD 
en salsa de soja. Primero derivaron el 3-MCPD con ácido fenilborónico en solución 
acuosa a 90 ºC después se extrajo por HS-SPME mediante una fibra de PDMS [Huang, 
2005]. 
Lee y col. proponen un método para la extracción de 1,3-dicloro-2-propanol y 3-
cloro-1,2-propanodiol en matrices acuosas mediante HS-SPME con una fibra de PA, 
seguida de la derivatización en la fibra con MSTFA y su determinación y cuantificación 
por GC-MS [Lee, 2007]. 
En esta memoria se propone la microextracción en fase sólida en espacio de cabeza 
(HSSPME), mediante la simple exposición del recubrimiento de fibra 
(CAR/PDMS/DVB) al espacio de cabeza de la muestra, seguido de cromatografía de 
gases acoplada a espectrometría de masas en tándem (GC-MS/MS) para la identificación 








La extracción con disolventes presurizados (pressurized solvent extraction, PLE), 
también conocida como extracción con fluidos presurizados (PSE) o por los nombres 
comerciales extracción acelerada por disolventes (ASE™, Dionex, Sunnyvale, CA, USA) 
o extracción con líquidos presurizados (PLE™, Fluid Management Systems, Inc., MA, 
USA), se introdujo por vez primera en 1996 [Richter, 1996] aunque existen evidencias de 
que se empleó un sistema de extracción que utilizaba disolventes bajo presión en el siglo 
XIX [Fournier, 2005]. PLE combina la utilización de temperaturas y presiones elevadas 
con disolventes en estado líquido, para proporcionar una extracción rápida y eficaz 
[Richter, 1996; Björklund 2000; Giergielewicz*Mozajska, 2001; Camel, 2001; Ramos, 
2002; Carabias-Martínez, 2005;]. La presión elevada es necesaria para mantener el 
disolvente en estado líquido a las temperaturas de trabajo, normalmente superiores a su 
punto de ebullición a presión atmosférica. 
El uso simultáneo de presiones y temperaturas elevadas conduce a procesos de 
extracción más rápidos que los procedimientos clásicos (p.ej. Soxhlet), utilizando 
volúmenes inferiores de disolventes y disminuyendo, de esta manera, la dilución de la 
muestra. De hecho, PLE está reconocida como una técnica de extracción verde debido a 
su bajo consumo de disolventes orgánicos [Mendiola, 2007]. Además, se ha comprobado 
que, en términos de recuperación y precisión, PLE es equivalente o incluso superior a 
otras metodologías, como la extracción Soxhlet o la extracción asistida por microondas 
(MAE) [Zuloaga, 2000; Gfrerer, 2004; Wang, 2007;]; de hecho, es utilizada como método 





extracción de compuestos orgánicos semivolátiles, insolubles o ligeramente solubles en 
agua, de suelos, arcillas, sedimentos, lodos y residuos sólidos [EPA Method 3545, 2008]. 
Por otra parte, se trata de una técnica altamente automatizada, por lo que es especialmente 
útil a la hora de realizar análisis de rutina [Giergielewicz-Mozajska, 2001]. 
Fundamento: la extracción se lleva a cabo a temperaturas por encima del punto de 
ebullición del disolvente lo que implica que la presión en el interior de la celda debe ser 
lo suficientemente alta como para mantener al disolvente en estado líquido. 
 
Los principales procesos que controlan el transporte de los analitos desde la matriz 
hasta el seno del disolvente durante la extracción son [Giergielewicz-Mozajska, 2001]: 
1. Desorción desde las partículas sólidas de la muestra 
2. Difusión a través del disolvente localizado en el interior de los poros de la 
partículas 





En la figura II.17 se muestra un esquema de un instrumento de PLE. La mayoría de 
las aplicaciones publicadas utilizan el equipo comercializado por Dionex (ASE 200) que 
permite trabajar a temperaturas de hasta 200 ºC y a presiones de hasta 21 MPa [Richter, 
1996; Schantz, 2006; Mendiola, 2007] Los componentes fundamentales de un sistema de 
PLE son [ASE 200, 1997]:  
• Disolventes de extracción: puede llevar hasta cuatro disolventes distintos 
permitiendo realizar mezclas. 
• Bomba: su misión es bombear el disolvente a alta presión. Incorpora  un 
sistema de seguridad para el control de la presión durante el calentamiento 
• Gas de purga: generalmente se usa nitrógeno. 
• Celda de extracción: se usan de 5, 11, 22 ó 33 mL con un diámetro interno 
de 19,1 mm. Las tapas se cierran a presión e incorpora un carrusel con 24 
posiciones para las celdas de extracción y 4 de lavado. 
• Horno: aloja las celdas que contienen las muestras. La temperatura se 
puede fijar hasta un límite superior de 200 oC. La posición de las celdas es vertical 
y el flujo de disolvente se establece desde la parte superior hasta la inferior. El 
equipo incorpora un sistema automático que coloca las celdas en el horno y 
después de la extracción las devuelve al carrusel. 
• Viales de recogida de muestra: son viales de 40 ó 60 mL que se cierran con 












Figura II.17.- Esquema de un sistema de extracción con fluidos presurizados 
 
 
2.4.3.- PROCEDIMIENTO DE EXTRACCION 
 
Una extracción por PLE consta de una serie de etapas (ver figura II.18) que se 
explican con detalle a continuación [ASE 200, 1997; Bjorklund, 2000; Giergielewicz-
Mozajska, 2001; Carabias-Martínez, 2005]: 
 
1. Antes de introducir la muestra en la celda de extracción, es necesario someterla a 
un pretratamiento consistente en la homogeneización, molienda, tamizado y secado de la 
misma. La difusión de los analitos desde la muestra hacia el disolvente se puede 
incrementar considerablemente disminuyendo el tamaño de partícula. Por otro lado, el 
secado de la muestra también es importante puesto que si las partículas de la muestra 
estuviesen rodeadas de una película de agua no se produciría un contacto adecuado entre 
los analitos y el disolvente, disminuyendo la eficacia de la extracción. El secado es 
especialmente importante cuando se trabaja con disolventes no-polares, y habitualmente 
se recurre a la adición de un agente desecante como sulfato sódico anhidro [Fisher, 1997], 
tierra de diatomeas [Garrido, 2006] o Celita [Pang, 2006]. Estas sustancias también se 
emplean para reducir el volumen muerto de la celda [Saito, 2004; El-Nagar, 2005], 
también es habitual utilizar arena [Adou, 2001; Cho, 2007]. Otra alternativa para el 
secado de las muestras es la liofilización [Garrido, 2006], aunque esta opción no es 
recomendable cuando el objetivo es extraer analitos volátiles. El uso de disolventes más 



















(hexano/acetona, hexano/acetonitrilo, etc.) son buenas opciones para la extracción de 
muestras húmedas, haciendo que la etapa de secado de la muestra no sea crucial. Algunos 
autores recomiendan la adición directa de sulfato sódico anhidro al extracto [Fernández-
Moreno, 2006]. La agregación de las partículas de muestra también puede perjudicar a la 
eficacia de la extracción, por eso se recomienda la dispersión de la muestra con un 
material inerte (p.ej. tierra de diatomeas, arena) [Kot-Wasik, 2005; Garrido, 2006]. 
 
2. La muestra se coloca en la celda de acero de extracción recubriendo las fritas con 
filtros de celulosa [Chen, 2003; Gfrerer, 2004; Saito, 2004; El-Nagar, 2005; Cho, 2007], 
de fibra de vidrio [Hussen, 2007], o con una pequeña cantidad de Celita [Dean, 1996]. 
También, es recomendable rellenar el volumen muerto de la celda con materiales inertes 
[Richter, 1996]. 
 
3. Se puede operar en dos modos: pre-calentamiento (preheat) o pre-llenado (prefill). 
En el primer caso, el horno se calienta hasta la temperatura apropiada y, a continuación, la 
celda se introduce en el horno. Después el disolvente se introduce en la celda y comienza 
el proceso de extracción. En el segundo caso, la celda se llena con el disolvente y después 
se carga en el horno.  
 
4. El proceso de extracción puede realizarse en modo estático o en modo dinámico. 
El modo estático comienza calentando la celda con la muestra hasta una temperatura 
apropiada durante un tiempo de equilibrio (aproximadamente 5 min) y a continuación el 
proceso de extracción estático. Este proceso se puede repetir varias veces para obtener 
mejores recuperaciones. El modo dinámico cuando se alcanza la temperatura y presión la 
válvula de salida se abre y el extractante circula a través del sistema durante el tiempo de 
extracción fijado. 
 
5. Tras la extracción, el extracto se transfiere al vial colector y la muestra y los tubos 
conectores se enjuagan con varias porciones de disolvente nuevo (flush). A continuación 














2.4.4.- PARÁMETROS QUE AFECTAN A LA PLE 
En PLE se deben optimizar una serie de parámetros de extracción como el disolvente 
empleado, temperatura, presión, número de ciclos y tiempo de extracción [Dionex, 2004; 
Sporring, 2004; Richter, 2012].  
Disolvente: El disolvente usado debe tener una polaridad similar a la de los 
compuestos a extraer para favorecer su solubilidad dejando la matriz de la muestra 
intacta. La cantidad usada puede ser de un 95% menor que el empleado en otros métodos 
de extracción. Cuando se quieren extraer diferentes compuestos se suele recurrir a la 
mezcla de disolventes de diferente polaridad. Además, se debe tener en cuenta la 
compatibilidad con las técnicas analíticas posteriores a la extracción, la necesidad de la 
concentración del extracto (volatilidad del disolvente), así como el coste del disolvente 
[Dionex, 2004]. Si se requieren condiciones ácidas se usará acido acético o fosfórico 
entre 1-10% (v/v), preferentemente. No es recomendable el uso de ácidos fuertes como 
HCl, HNO3, H2SO4 debido a su gran reactividad. 
Temperatura de extracción: Es el parámetro más importante en PLE. Al aumentar la 
temperatura disminuye la viscosidad del disolvente y con ello la capacidad de solubilizar 
a los analitos, además aumenta la cinética de desorción de los compuestos de la matriz.  
Cargar la muestra en la 
celda de extracción
Llenar y presurizar la celda 
con el disolvente










La mayoría de aplicaciones publicadas con esta técnica emplean temperaturas dentro del 
rango de 75-125 ºC, siendo 100ºC la temperatura más usada. 
Presión de extracción: La función de la presión en PLE es mantener los disolventes 
en estado líquido durante el proceso de extracción (a temperaturas por encima de sus 
puntos de ebullición en condiciones normales) además de ayudar a recoger el extracto en 
el vial de recolección. Los cambios en la presión de trabajo no suelen influir en cuanto a 
recuperación de analitos, por lo que no se considera un factor crítico a la hora de 
optimizar esta metodología analítica. En la mayoría de aplicaciones, las presiones 
empleadas están en el rango de 1000 a 2000 psi [Dionex, 2004; Sporring, 2004]. 
Número de ciclos: El número de ciclos está directamente relacionado con la porción 
de disolvente “fresco” que se introduce durante el proceso de extracción, lo que permite 
mantener un equilibrio de extracción favorable. Se define un volumen de “flush” como un 
porcentaje del volumen total de la celda. El uso de varios ciclos estáticos ha demostrado 
ser útil en muestras con concentraciones altas de analito así como en situaciones en las 
que el disolvente encuentra dificultades para penetrar en la matriz [Dionex, 2004]. 
Tiempo de extracción: El tiempo de extracción es un factor que debe ser optimizado 
de forma conjunta con el número de ciclos para conseguir una extracción cuantitativa en 
el menor tiempo posible [Sporring, 2004]. A menudo 5 min son suficientes, tal y como se 
recomienda en el método EPA 3545 [EPA Method 3545, 2008]. 
 
Limpieza de los extractos: En es esta técnica es posible realizar la etapa de “clean-
up” simultáneamente a la extracción. La introducción del adsorbente apropiado en la 
celda de extracción o la utilización de un ciclo de lavado previo a la extracción son dos 
opciones posibles consiguiendo así reducir el tiempo de análisis y la reducción de las 
etapas de preparación de muestra [Ramos, 2002]. 
 
El interés en integrar en una sola etapa la extracción y limpieza y/o derivatización ha 
aumentado en los últimos años y recientemente se han desarrollado métodos que 
combinan estos procesos [Carro, 2013].  
David y col. [David, 2000] desarrollaron un protocolo para la derivatización de 
herbicidas polares añadiendo el agente derivatizante directamente en la celda de 
extracción y obtuvieron mejores resultados que con la derivatización post*extracción. 
Pörschmann y col. [Pörschmann, 2001] evaluaron el impacto de varios procedimientos de 
derivatización (acetilación, sililación y metilación) sobre la recuperación de distintos 
analitos polares (fenoles, esteroles y ácidos carboxílicos) añadiendo los agentes 
derivatizantes al disolvente de extracción. La recuperación del proceso no se vio afectada 
por la reacción de derivatización y la eficacia de ésta fue análoga a la obtenida llevando a 
cabo el tratamiento posteriormente a la extracción. 
Los principales métodos de derivatización combinados con PLE son sililación, 







2.4.5.- VENTAJAS Y DESVENTAJAS DE LA TÉCNICA 
 
Ventajas 
• Es una técnica rápida, el tiempo de extracción se reduce considerablemente al 
trabajar a temperaturas y presiones elevadas 
• El consumo de disolventes es bajo, requiriéndose menos de 15 mL de disolvente 
para una muestra de 10 g. 
• Permite la introducción de materiales adsorbentes, directamente en la celda de 
extracción. De este modo la extracción y purificación de los extractos se realiza en 
una sola etapa. Los extractos son filtrados automáticamente con lo que pueden ser 
inyectados directamente. 
• El dispositivo comercial incorpora sensores seguridad para la temperatura y 
presión, así como para el control de pérdidas de disolvente. 
• Más eficaz independientemente de la matriz. 
• Permite desarrollar métodos de forma sencilla, ya que el número de parámetros  
experimentales que hay que optimizar es pequeño 
• Es automatizable y puede extraer 24 muestras secuencialmente 
 
Desventajas 
• Extracciones más completas pero menos selectivas 
• Requiere el empleo de temperaturas elevadas 
• El coste inicial del equipo es elevado 
• Permite desarrollar métodos de forma sencilla, ya que el número de parámetros  
experimentales que hay que optimizar es pequeño 
• Es automatizable y puede extraer 24 muestras secuencialmente 
 
2.4.6.- APLICACIONES 
Entre las diversas aplicaciones de esta técnica pueden encontrarse [Mendiola, 2007]: 
 Extracción de contaminantes orgánicos en alimentos como pesticidas 
organofosforados y carbamatos. 
 Extracción de aditivos presentes en polímeros. 
 Extracción de lípidos de materiales biológicos. 
 Extracción de contaminantes orgánicos de muestras ambientales como PAHs, 
PCBs, organoestánnicos. 
 
Robert y col. utilizaron la extracción con disolventes presurizados para el estudio de 
la formación de 3-MCPD en sistemas modelo que simulan lipasa, aceite o grasa vegetal y 
cloruro sódico. Después del tratamiento prelimilar, la mezcla de reacción se extrajo 
mediante PLE y después se derivatizó con HFBI [Robert, 2004]. La derivatización tras la 





biodegradación de 3-MCPD por Saccharomyces cerevisae con el fin de investigar nuevas 
posibilidades para degradar cloropropanoles [Bel-Rhlid, 2004]. 
En esta memoria se va a llevar a cabo un estudio de PLE-derivatizacion simultánea 
con BSTFA para la extracción de cloropropanoles en muestras de alimentos. 
 
 
2.5.- MICROEXTRACCIÓN LÍQUIDO-LÍQUIDO DISPERSIVA (DLLME) 
 
La microextracción líquido-líquido dispersiva (Dispersive Liquid-Liquid 
Microextraction, DLLME) es una técnica analítica de extracción líquido-líquido 
miniaturizada desarrollada por Rezaee y col. [Rezaee, 2006] para la extracción de 
compuestos en muestras acuosas, con principios comunes a la LLE pero que evita el 
elevado consumo de disolventes orgánicos que ésta conlleva. Esta técnica integra en una 
única etapa la extracción y concentración de los analitos y ha sido aplicada a diferentes 
matrices tales como alimentos, fluidos biológicos y muestras sólidas [Rezaee, 2010]. La 
reducción notable de la relación fase aceptora*fase dadora es la responsable de su enorme 






La DLLME tiene su fundamento en el uso de un sistema ternario de disolventes, 
constituido por la fase acuosa (la muestra de la que los analitos pretenden ser extraídos) y  
una mezcla binaria compuesta por dos disolventes orgánicos; un disolvente polar y 
miscible con agua (dispersante) y otro con densidad superior a 1 g mL-1 (extractante) 
inmiscible en agua y miscible con el agente dispersante). El extractante representa 
alrededor de un 1*3% del volumen total de la mezcla binaria [Bosh, 2009]. Tras la 
adición, normalmente mediante inyección rápida de la mezcla dispersante-extractante a la 
muestra acuosa que se encuentra en el interior de un tubo cónico, se forma una dispersión 
de pequeñísimas gotas de extractante que asegura una enorme superficie de contacto entre 
la muestra y la fase extractante. Esto favorece y acelera el proceso de transferencia de 
masa y hace que se alcance el equilibrio muy rápidamente [Rezaee, 2006; Zang, 2009; 
Bosch, 2009]. Tras la centrifugación de esta dispersión, las microgotas de extractante 
(que contienen los analitos extraídos) se agregan y se depositan en forma de gota en el 
fondo del tubo en el que se ha llevado a cabo el proceso, debido a su mayor densidad. Por 
razones prácticas, se utilizan tubos de vidrio de forma cónica para facilitar así la 
recuperación de la gota mediante una microjeringa (figura II.19). 
Algunas de las ventajas más destacadas de la técnica son su simplicidad, rapidez, 
bajo coste, consumo reducido de muestra y disolventes orgánicos, versatilidad, buenas 
recuperaciones y factores de concentración altos [Andruch, 2012]. Comparada con otras 
técnicas de microextracción como SDME, SPME o LPME ofrece normalmente mayor 






Como desventajas cabe destacar la necesidad de una cierta destreza para la 




Figura II.19.- Etapas de la microextracción líquido-líquido dispersiva. Reproducido 
de Saraji et al, 2014: M. Saraji, M. K. Boroujeni “Recent developments in dispersive 
liquid-liquid Microextraction” Anal Bioanal Chem 406, 2027-2066. Con permiso de 




2.5.2.- FUNDAMENTO TERMODINÁMICO 
 
El coeficiente de distribución K, se define como el cociente entre la concentración de 
analito en la fase orgánica y en la fase acuosa. La DLLME sólo es aplicable para analitos 
en forma neutra, que tengan un elevado carácter hidrofóbico, y es poco viable para la 
extracción de especies hidrofílicas (K<500). No obstante, para compuestos ácidos o 
básicos, pueden realizarse modificaciones del pH del medio, con el fin de desplazar el 
equilibrio hacia la forma neutra y con ello, incrementar su afinidad por la fase orgánica. 
Los parámetros que se utilizan a la hora de caracterizar la eficacia de la DLLME son el 
factor de enriquecimiento (EF) y la recuperación (R). El factor de enriquecimiento (EF) 
se define como el cociente entre la concentración del analito en la fase sedimentada (Csed) 
y la concentración inicial en la muestra (C0) 
 









































La recuperación de la extracción ER (en %) se calcula multiplicando el factor de 
enriquecimiento por el cociente entre el volumen de la fase sedimentada (Vsed) y de la 
muestra (Vaq)  
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El volumen de gota sedimentada varía en función de las condiciones de extracción. 
Por ello, es necesaria la utilización de ambos parámetros, recuperaciones y factores de 
concentración, en la optimización del método.  
 
 
2.5.3.- PARÁMETROS QUE AFECTAN A LA EFICACIA DE EXTRACCIÓN 
 
Los factores que afectan a la eficacia de DLLME son: el tipo y el volumen de 
disolventes extractante y dispersante y la fuerza iónica. También se estudian otras 
variables como los tiempos de extracción y centrifugación, el control del pH y la adición 
de reactivos (agentes derivatizantes o quelantes) para optimizar la extracción de los 
compuestos de interés. 
 
 
2.5.3.1.- ELECCIÓN DEL TIPO Y VOLUMEN DEL DISOLVENTE 
EXTRACTANTE 
 
La selección del disolvente extractante es un factor clave en la eficacia de DLLME, 
y ha de reunir algunas características: 
• Densidad superior a la del agua. 
• Baja solubilidad en agua. 
• Capacidad de formar una dispersión al añadirlo, mezclado con el dispersante, a la 
muestra. 
• Capacidad para extraer los compuestos de interés. 
• Adecuado para separaciones cromatográficas. 
 
Los disolventes más utilizados como extractantes son los hidrocarburos halogenados, 
como cloroformo CHCl3, tetracloruro de carbono CCl4, tricloroetano CH3CCl3, 
clorobenzeno ClBz, etc, aunque también hay aplicaciones en las que se ha utilizado el 
disulfuro de carbono CS2 [Rahnana, 2007] y los líquidos iónicos [Zhou, 2008]; 
normalmente, estos últimos se utilizan cuando el método de determinación es la 
cromatografía líquida. En la tabla II.5 se muestran algunas propiedades de los disolventes 
más utilizados como extractantes en DLLME. En los últimos años se han buscado 
disolventes bromados de menor toxicidad y alta eficacia de extracción como  1-bromo-3-








Tabla II.5.- Propiedades físico-químicas de los extractantes más utilizados en 
DLLME 
 
Disolvente Densidad (g mL-1) Solubilidad en 
agua (10-3 M) Log KOW 
CCl4 1,59 2,0 2,89 
ClBz 1,10 0,79 2,81 
CH3CCl3 1,34 7,3 2,10 
CHCl3 1,48 16 1,76 
CS2 1,26 5 1,94 
 
 
El volumen de extractante está directamente relacionado con la eficacia de la 
extracción. Por otro lado, el aumento de disolvente extractante conlleva un incremento del 
volumen de fase sedimentada y, por consiguiente, una disminución del factor de 
preconcentración, ya que el extracto final está más diluido. Por tanto, cuanto menor sea el 
volumen de extractante utilizado menores serán los límites de cuantificación del método 
[Farajzadeh, 2007; Montes, 2009a]. La cantidad óptima será aquella que genere un 
elevado factor de enriquecimiento y que sea lo suficientemente elevada como para que la 
fase sedimentada pueda ser fácilmente manipulable. La obtención de recuperaciones y 
factores de preconcentración altos es lo que condiciona el volumen de extractante óptimo. 
Normalmente suelen usarse cantidades entre 20 y 200 µL. 
 
 
2.5.3.2.- ELECCIÓN DEL TIPO Y VOLUMEN DE DISOLVENTE 
DISPERSANTE 
 
El disolvente dispersante actúa de puente entre el extractante y la muestra y, por ello, 
debe ser miscible en ambos. Tiene como objetivo la reducción de la tensión superficial 
del extractante para conseguir la formación de emulsión cuando la mezcla dispersante-
extractante es añadida sobre la muestra, lo que garantiza una gran superficie de contacto 
entre extractante y muestra, favoreciendo el paso de los analitos a la fase orgánica y 
aumentando la eficacia de la extracción. Pueden utilizarse como dispersantes la acetona 
[Rezaee, 2006], metanol [Yazdi, 2008], etanol [Birjandi, 2008], acetonitrilo [Li, 2008] y 
tetrahidrofurano [Melwanski, 2008]. 
El volumen de dispersante afecta directamente a la formación de la emulsión y, por 
tanto, a la eficacia de extracción. Cuanto mayor sea el grado de dispersión, mejor se 
producirá el contacto entre fases, y mayor será la eficacia de la extracción. Este volumen 
puede afectar también, aunque en menor medida, al tamaño de fase sedimentada, por lo 
que ambas contribuciones deben tenerse en cuenta. En la mayoría de las publicaciones en 
las que se estudia la influencia de este parámetro se varía también simultáneamente el 
volumen de extractante [Rezaee, 2006], de tal forma que el volumen de la gota obtenida 
se mantenga constante al variar el volumen de dispersante empleado. Suelen 





2.5.3.3.- FUERZA IÓNICA 
 
En DLLME se observan dos efectos opuestos cuando se incrementa la fuerza iónica 
de la disolución. La adición de sal a la muestra produce una disminución de la solubilidad 
de los analitos favoreciendo su paso hacia la fase orgánica (extractante) y aumentando, 
por tanto, la eficacia de la extracción. Por otra parte, esta disminución de solubilidad 
implica un ligero aumento del volumen de la fase sedimentada a causa de la reducción de 
la solubilidad del disolvente extractante en la muestra por la presencia de sal, en 
consecuencia, se produce una dilución de los analitos disminuyendo el factor de 
concentración [Zang, 2009]. Por todo ello, es necesario mostrar especial atención a ambos 
efectos y elegir la fuerza iónica adecuada. 
 
 
2.5.3.4.- VARIACIÓN DEL pH 
 
La variación del pH es especialmente importante cuando se trata de analitos con 
características ácidas o básicas, ya que ajustando el pH puede desplazarse el equilibrio de 
los mismos hacia su forma neutra, consiguiendo la extracción de especies que, a priori, no 
podrían ser extraídas [Melwanki, 2008, Maleki, 2009, Farhadi, 2009]. 
 
 
2.5.3.5.- TIEMPO DE EXTRACCIÓN 
 
El tiempo de extracción se define como el intervalo que transcurre entre la adición de 
la mezcla binaria a la muestra y la centrifugación [Rezaee, 2006]. Esta variable casi no 
ejerce influencia en la eficacia de extracción. La razón es la rapidez con la que se alcanza 
el equilibrio, de manera inmediata tras la formación de la emulsión, lo que garantiza una 
transferencia rápida de los analitos de la muestra al extractante [El-Shahawi, 2013]. Esta 
característica representa una de las ventajas más relevantes de DLLME frente a otras 
técnicas de microextracción. 
La centrifugación de la mezcla es necesaria para la separación de fases y la obtención 
de la gota sedimentada. No se han encontrado evidencias de que sean necesarios grandes 





La simplicidad, rapidez, pequeño volumen de muestra, bajo coste, alta recuperación y 
altos factores de enriquecimiento son algunas de las ventajas de la DLLME y que han 
hecho que esta técnica se haya aplicado para la determinación de compuestos orgánicos y 
metales en muestras ambientales. 
Normalmente, la DLLME es escogida para el análisis de muestras con matrices 
simples, por tanto las muestras de agua constituyen la matriz más estudiada, sin embargo, 






complejas como alimentos (vino, frutas y zumo de frutas, miel, leche) [Viñas, 2014], 
aguas residuales y muestras farmacéuticas y biológicas (comprimidos, orina, plasma, 
saliva, sudor) [Saraji, 2014].  
Para compuestos polares y no volátiles, para su análisis por cromatografía de gases, 
es necesaria una etapa de derivatización para aumentar la volatilidad. Existen tres modos 
de derivatización que se pueden acoplar la las técnicas de microextracción: antes de la 
extracción, después de la extracción o simultáneamente durante la extracción. En el modo 
simultáneo (derivatización in situ), la extracción y la derivatización ocurren al mismo 
tiempo en un solo paso. La acilación es la reacción de derivatización más usada en 
combinación con la DLLME [Saraji, 2014]. La extracción y derivatización simultánea fue 
descrita por Chiang y Huang [Chiang, 2008] para la determinación de anilinas en agua de 
río. Aunque los reactivos de sililación son inestables en soluciones acuosas, si el ratio de 
derivatización y extracción es más rápido que la descomposición del derivatizante, la 
derivatización y la DLLME simultánea es posible [Montes 2009]. 
En esta memoria se propone la aplicación de esta técnica para la extracción y 
derivatización simultánea de 3-MCPD, 2,3-DCP y 1,3-DCP en leche, bebidas de soja, 
zumos de frutas y muestras biológicas. Esta técnica presenta muchas ventajas con 
respecto a otros métodos ya que sólo se necesita un paso para llevar a cabo una extracción 
y derivatización eficiente. 
 
 
2.5.5.- EVOLUCIÓN DE LA DLLME 
 
Los avances en DLLME, en las últimas publicaciones, van enfocados hacia tres 
tópicos principales: disolventes de extracción: disolventes menos densos que el agua y 
líquidos iónicos; disolventes dispersantes y combinación de DLLME con otras técnicas. 
En DLLME, los disolventes orgánicos más densos que el agua son los más utilizados 
debido a la simple separación de las fases por centrifugación. El número limitado de 
disolventes de este tipo y la necesidad de eliminar disolventes tóxicos, tales como los 
hidrocarburos clorados, han propiciado la búsqueda de disolventes alternativos. Se puede 
encontrar en la bibliografía el uso de disolventes menos densos que el agua como 
extractantes, que permiten realizar la extracción sin usar agentes dispersantes y eliminar 
la etapa de centrifugación de la muestra [Spietelun, 2014]. 
En 2007, Zanjani y col. combinaron la DLLME con solidificación de una gota 
flotante (solidification of a floating organic drop, SFOD), para dar lo que se conoce como 
microextracción líquido-líquido dispersiva basada en la solidificación de gotas flotantes 
(DLLME-SFO) [Zanjani, 2007]. En esta técnica el extractante (1-undecanol ó 2-
dodecanol, normalmente, con puntos de fusión bajos, inferiores a temperatura ambiente) 
se inyecta junto con el dispersante en la muestra a analizar, se centrifuga y se introduce en 
un baño de hielo a solidificar. El agente extractante solidificado se recoge en la superficie 
de la muestra y se introduce en un vial, una vez se ha fundido se inyecta en el sistema 
cromatográfico (Fig II.20). Esta técnica se ha utilizado para extraer una gran variedad de 
analitos polares y volátiles como PAH, PCBs, pesticidas y metales de muestras acuosas 






Figura II.20.- Diagrama del proceso de extracción DLLME-SFO. Reproducida de 
Journal of Chromatography A, 1335 (2014) 2-14, Mei-I. Leong, Ming-Ren Fuh, Shang-
Da Huang, “Beyond dispersive liquid–liquid microextraction” Copyright (2014) con 
autorización de Elsevier. 
 
 
Las aplicaciones más recientes en la combinación DLLME-HPLC se basan en el uso 
de líquidos iónicos (IL) como agentes extractantes. Estas sustancias denominadas 
“disolventes verdes” son disolventes no-moleculares definidos como sales orgánicas que 
se mantienen líquidas a temperatura ambiente. Estos disolventes, poseen propiedades 
físico-químicas únicas: baja presión de vapor, viscosidad variable y alta estabilidad 
térmica. Los IL, que se basan en distintas combinaciones de cationes orgánicos y diversos 
aniones, se pueden adaptar estructuralmente a ser hidrófobos o hidrófilos, así como 
miscible o inmiscible con el disolvente dispersante. De hecho, la alta densidad y la baja 
volatilidad de los IL son propiedades importantes: la primera facilita la separación de las 
fases, y la segunda ofrece gotas estables. Por todo ello, los IL se consideran como 
alternativa a los disolventes halogenados tradicionales [Yan 2013; Trujillo-Rodríguez 
2013] en el ámbito de la química verde. Este procedimiento se ha puesto en práctica para 
el análisis de piretroides [Zhou, 2008], aminas aromáticas [Fan, 2008] y PAHs [Pena, 
2009] en muestras acuosas y se presenta como una interesante modificación a la DLLME 
eliminando por completo el uso de disolventes orgánicos del proceso de extracción. 
Los surfactantes han sido considerados como una nueva opción para la selección de 
disolventes dispersantes en DLLME, se han utilizado Triton X 114, dodecilsulfato sódico 
(SDS) y trimetil tetradecil bromuro de amonio (TTAB), lo que demuestra la viabilidad de 
estos tensioactivos como agentes dispersantes [Yan, 2013]. Existen otros disolventes que 
tienen el potencial de ser empleados como disolvente dispersante, se ha empleado 
sulfóxido de dimetilo (DMSO) para la extracción de sulfonamidas, que apenas se 
disuelven en los disolventes utilizados con frecuencia. La DLLME en ausencia de 
disolvente dispersante se lleva a cabo formando la emulsión con la ayuda de ultrasonidos, 
vortex, control de temperatura (para ciertos líquidos iónicos) o incluso métodos asistidos 
por aire [Yan, 2013]. 







En la actualidad, la tendencia creciente es utilizar el tratamiento con ultrasonidos en 
el proceso de dispersión/emulsión (emulsificación-microextracción asistida por 
ultrasonidos (USAEME) [Regueiro, 2008] y ultrasonidos- microextracción líquido-
líquido dispersiva (US-DLLME) [Regueiro, 2008]). La irradiación ultrasónica mejora la 
formación de la disolución turbia, acelera la transferencia de masa  entre la muestra y la 
fase extractiva y reduce el tiempo de equilibrio. 
Las combinaciones DLLME*GC y DLLME*AAS [Jiang, 2008, Naseri, 2008] son las 
más habituales, ya que en la mayoría de los casos el disolvente de extracción se puede 
analizar directamente sin ningún tratamiento adicional. Para la determinación de 
compuestos termolábiles, no volátiles o de alto peso molecular, inadecuados para la 
cromatografía de gases, la cromatografía de líquidos es una buena alternativa. En la 
combinación DLLME*HPLC, el extracto puede inyectarse directamente [Li, 2008, Liang 
2008, Chen, 2009] o bien someterse a un tratamiento adicional que puede consistir en un 
cambio de disolvente [Farajzadeh, 2007, Maleki, 2009], tras llevar a sequedad, o en la 
combinación de DLLME con otras técnicas [Melwanki, 2008].  
DLLME se aplicó al análisis de las matrices más simples, pero diversos autores han 
estudiado la combinación de la DLLME con otras técnicas de extracción. Assadi y col. 
[Naseri, 2007] han investigado la combinación de los métodos de SPE y DLLME para la 
extracción y preconcentración de clorofenoles en matrices complejas. Existen un gran 
número de estudios enfocados a la combinación de la DLLME con otras técnicas de 
extracción y su compatibilidad con diferentes matrices. Hay estudios de combinaciones 
con SBSE, DSPE, MIP, MSPD, SFE, UAE y MAE. Los procedimientos analíticos que 
combinan ambas técnicas de extracción obtienen mayor selectividad y sensibilidad, sin 
embargo, en algunas publicaciones, se observó que la DLLME no ofreció un 
enriquecimiento inminente sino que actuaba como una etapa más de limpieza o para 
facilitar un cambio de disolvente [Leong, 2014; Spietelun, 2014]. 
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Capítulo 3.- MÉTODOS DE DERIVATIZACIÓN PARA LA 
DETERMINACIÓN DE CLOROPROPANOLES 
 
En Cromatografía de Gases, los analitos a separar deben presentar una serie de 
propiedades: ser volátiles a la temperatura de trabajo, ser térmicamente estables y no 
presentar interacciones indeseables con la columna. La derivatización es una técnica que 
ha surgido para permitir ampliar el campo de aplicación de la cromatografía de gases a 
analitos que no cumplen alguno de los requisitos anteriores. Los cloropropanoles se 
encuentran dentro de este grupo, ya que su baja volatilidad y su elevada polaridad hace 
necesario realizar previamente una reacción derivatización para su determinación 
mediante cromatografía de gases [Valcárcel 1988, Hamlet, 2008]. La derivatización de 
cloropropanoles puede hacerse con: ácido bórico, HFBI/HFBA, acetona y agentes 
sililantes. Los principales objetivos de la derivatización en cromatografía de gases son 
[Drozd, 1985]: 
1. Hacer posible la utilización de la técnica mejorando la estabilidad térmica de los 
analitos y la resolución cromatográfica, evitando la formación de picos indeseables y las 
adsorciones irreversibles, o cambiando las propiedades separativas del analito mediante 
un ajuste de su volatilidad.  
2. Modificar indirectamente la sensibilidad del detector, introduciendo en la molécula 
del soluto grupos orgánicos adecuados que mejoran la sensibilidad del mismo y su poder 
de discriminación. Así, se facilita el análisis cualitativo y cuantitativo.  
 
 
3.1.- DERIVATIZACIÓN CON ÁCIDO BÓRICO 
 
El ácido N-Butilborónico (BBA) fue propuesto por Schurig y col. en 1984 como un 
reactivo de derivatización en medios no acuosos para la separación por cromatografía de 
gases de 3-MCPD [Wenzl, 2007]. Pesselmann y col. [Pesselman, 1988] utilizan este 
reactivo de forma cuantitativa para determinar 3-MCPD en soluciones acuosas por GC-
ECD después de la extracción del derivado en hexano. En lugar de BBA, Rodmann y col. 
[Rodman, 1986] utilizaron ácido fenilborónico (PBA), el cual fue empleado en los 
métodos desarrollados posteriormente [Plantinga, 1991]. 
Una gran ventaja de la derivatización con PBA es el hecho de que ninguna muestra 
necesita etapa de limpieza cuando PBA reacciona expresamente con dioles, ya que se 
forman derivados no polares cíclicos extraíbles en n-hexano. La desventaja es que otros 

































3.2.- DERIVATIZACIÓN CON HFBI/HFBA 
 
Van Bergen y col. [Van Bergen, 1992] describieron el primer procedimiento para 
determinar cloropropanoles en proteínas hidrolizadas por cromatografía de gases 
mediante derivatización con heptafluorobutiratos. El heptafluorobutirilimidazol (HFBI) 
fue elegido por Hamlet como agente derivatizante, ya que reacciona cuantitativamente 
tanto con 2-MCPD como con 3-MCPD para dar derivados estables [Hamlet, 1998]. 
Aunque no es selectivo cuando se compara con agentes borantes, HFBI fue el reactivo 
seleccionado para derivatizar los cloropropanoles, debido a que hace que todos los 
compuestos con grupos –OH y –NH sean volátiles, reduciendo así al mínimo la 
contaminación de la columna cromatográfica y del inyector. Los espectros de masas de 
derivados 3-MCPD-HFBI contienen un gran número de iones que se corresponden con 
ácidos alquil y fenil borónicos. Hamlet y Sutton [Hamlet, 1997] establecieron por primera 
vez un procedimiento para la determinación de 3-MCPD en niveles inferiores a 
microgramos por kilo en HVP y condimentos. El 3-MCPD fue extraído de una solución 
salina mediante extracción en fase sólida basada en tierra diatomaceous (Extrelut) usando 
dietil éter como eluyente. Los extractos concentrados se derivatizaron con HFBI para dar 
los correspondientes 3-MCPD di-ésteres, que luego fueron analizados por GC-MS. Hoy 
día, HFBI es uno de los reactivos más extensamente usados como derivatizante para la 
determinación de cloropropanoles (Figura II.3.2). Cuando los cloropropanoles reaccionan 
con el anhídrido heptafluorobutírico (HFBA) se obtienen los mismos derivados. Xu y col. 
[Xu, 2006] compararon los dos reactivos y encontraron que las áreas máximas de 2,3-
DCP eran del mismo orden con ambos reactivos; sin embargo, las áreas de 1,3-DCP y 3-
MCPD eran de aproximadamente un tercio cuando se usaba HFBA. Cuando HFBA es 
modificado con trietilamina, la respuesta es idéntica a la obtenida con HFBI para todos 
los compuestos debido a que la trietilamina funciona como un catalizador.  
Rétho y col. [Rétho 2005] evaluaron el proceso de derivatización con HFBI. 
Obtuvieron cromatogramas con muchos picos correspondientes a moléculas volátiles 
derivatizadas ya que HFBI o HFBA reaccionan con todas las moléculas nucleófilas del 
extracto. Además, los iones usados para la cuantificación mediante MS tenían una 
abundancia baja en el espectro de masas. Por otro lado, estos reactivos son muy sensibles 





















3.3.- DERIVATIZACIÓN CON CETONAS 
 
Los problemas derivados de la utilización de HFBI pueden ser resueltos mediante la 
derivatización de los grupos hidroxilo con un reactivo que produzca derivados más 
volátiles. Después de la absorción de la muestra diluida acuosa en una columna 
Kieselguhr (tierra de diatomeas), los cloropropanodioles pueden ser extraídos con éter 
dietílico, y derivatizados con acetona para formar los correspondientes dioxolanos. Sólo 
los dioles como 3-MCPD son derivatizados por cetonas en medio ácido para formar 


















con PBA, el método también sirve para la determinación de 2-MCPD, pero no es 
conveniente para la determinación de 1,3-DCP y 2,3-DCP ya que estos cloropropanoles 
no forma un derivado cíclico. 
La derivatización con acetona fue evaluada por Dayrit y col. [Dayrit, 2004]. En su 
estudio se ha encontrado con los siguientes problemas: 
• el paso de la derivatización requiere condiciones anhidras, que son difíciles de 
mantener para la acetona sin precauciones especiales.  
• el dioxolano formado por la acetona es todavía relativamente soluble en agua y se 
pueden producir pérdidas cuando la mezcla de reacción se reparte entre el agua y 
hexano.  
• el empleo de acetona limita la temperatura de reacción a su punto de ebullición 
(56 °C).  
 
Por lo tanto, Dayrit y col. [Dayrit, 2004] investigaron el empleo de 4-heptanona 
como una cetona alternativa. La derivatización con 4-heptanona, era una alternativa 



















3.4.- DERIVATIZACIÓN CON AGENTES SILILANTES  
 
La sililación es el método más común y versátil usado para derivatizar compuestos 
orgánicos que contienen átomos activos de hidrógeno (p.ej. -OH, =NH, -NH2, -SH, -
COOH), dando como resultado productos con polaridad reducida (menores interacciones 
dipolo-dipolo), alta volatilidad y un aumento de la estabilidad térmica y catalítica 
necesaria para obtener la sensibilidad óptima y la resolución de varios componentes en 
mezclas en el análisis mediante GC-MS. Otra ventaja importante de la sililación en GC-
MS es el aumento de la masa espectrométrica produciendo un modelo de fragmentación 
más favorable [Shareef, 2006].  
Los cloropropanoles pueden ser sililados usando reactivos tales como N,O-
(trimetilsilil)-acetamida (BSA), N-metil-N-trimetilsililtrifluoroacetamida (MSTFA), N,O-





metiltrifluoroacetamida (MTBSTFA), que conducen a la formación de trimetilsilil (TMS) 
y tert-butildimetilsilil (TBS) derivados, respectivamente. Pueden añadirse diferentes 
catalizadores para mejorar la derivatización como: trimetilclorosilano (TMCS), junto con 
trimetilsilil-imidazol (TMSI) o tert-butildimetilsilil-clorosilano (TBCS) y tert-
butildimetilsilil-imidazol (TBSI). El BSTFA y sus subproductos incluyendo mono-
(trimetilsilil) trifluoroacetamida y trifluoroacetamida tienen alta volatilidad que causa 
poca interferencia dando lugar a picos que eluyen en los cromatogramas próximos al 
disolvente. Mientras, MSTFA tiene propiedades de reacción similares a otros donantes de 
TMS, y la ventaja particular sobre BSTFA y otros agentes sililantes, de poseer mayor 
volatilidad incluyendo a su subproducto N-metiltrifluoroacetamida. 
Los reactivos de sililación y sus derivados son generalmente sensibles a la humedad, 
por lo que requieren que sean sellados para prevenir la desactivación por vapor de agua. 
Los TBS derivados son aproximadamente 104 veces más estables a la hidrólisis que los 
derivados de TMS, además del aumento de masa espectrométrica específica. Sin 
embargo, los reactivos de TMS pueden ser más eficaces en la derivatización de grupos 
funcionales que presenten impedimento estérico estéricamente impedidos [Shareef, 
2006].  
La eficacia de un procedimiento de derivatización puede depender de varios factores, 
incluyendo condiciones de reacción como la temperatura y el tiempo, la naturaleza del 
reactivo derivatización y el disolvente.  
Cao y col. utilizaron tres tipos de agentes sililantes (BSA, BSTFA y 1-
trimetilsililimidazol (TSIM)) para la detección de cloropropanoles por GC-MS. Los 
resultados mostraron que TSIM funcionaba de manera más eficiente, especialmente para 
3-MCPD. Observaron que con BSTFA la eficiencia de la sililación disminuía para 1,3-
DCP y 3-MCPD cuando los tres cloropropanoles se mezclaban conjuntamente al mismo 
nivel de concentración. Con TSIM los cromatogramas mostraban menos picos de 
interferencia que con BSTFA y BSA [Cao, 2009]. Lee y col. extrajeron simultáneamente 
1,3-DCP y 3-MCPD mediante HS-SPME en muestras acuosas y salsa de soja, seguida de 
la derivatización en la fibra con N-metil- N- (trimetilsilil) -trifluoroacetamide (MSTFA). 



















































3.5.- DERIVATIZACIÓN CON DIMETILAMINA 
 
El objetivo de las reacción de derivatización es generar un fuerte centro básico 
mediante la introducción de un grupo funcional amina como se observa en la figura II.3.5. 
Se utilizan aminas secundarias en lugar de una amina primaria más reactiva para 
minimizar la generación de subproductos de reacción. Las aminas terciarias no son 
reactivas frente a estos los analitos. Se utiliza un gran exceso de DMA para superar las 
reacciones competidoras potenciales. En la reacción se produce una sustitución nucleófila 














































3.6.- DERIVATIZACIÓN CON ADENINA 
 
El 3-MCPD en solución acuosa se mediante tratamiento con peryodato de sodio se 
convierte primero en cloroacetaldehido, entonces se derivatiza con adenina fluorescente 
para producir εAde, que puede ser analizada con HPLC-FLD. Este método presenta claras 
ventajas: En primer lugar, el pretratamiento de oxidación con peryodato y la 
derivatización fluorescente se procesan en solución acuosa, y la mezcla de reacción no 
necesita ningún tratamiento adicional con lo que podría ser inyectado directamente para 
análisis de HPLC, proporcionando así las ventajas de un método instrumental sencillo que 
requiere fácil operación, bajo costo, y respetuoso con el medio ambiente. Además, la 
derivatización de fluorescencia específica del cloroacetaldehído con adenina y la 
detección fluorescente a una longitud de onda específica garantizan la alta sensibilidad y 
































3.7.- REFERENCIAS BIBLIOGRÁFICAS 
 
Bai 2010: L. Bai, M. Sun, J. An., D. Q. Liu, T. K. Chen, A. S. Kord “Enhancing the 
detection sensitivity of trace analysis of pharmaceutical genotoxic impurities by chemical 
derivatization and coordination ion spray-mass Spectrometry” J Chromatogr. A (2010) 
1217, 302-306 
 
Cao 2009: X. Cao, G.Song, Y. Gao, J.Zhao, M. Zhang, W. Wu,   A Novel 
derivatization Method Coupled with GC–MS for the Simultaneous Determination of 
Chloropropanols” Chromatographia (2009) 70, 661-664 
 
Dayrit 2004: F. Dayrit, M. Niñonuevo, “Development of an analytical method for 3-
monochloropropane-1,2-diol in soy sauce using 4-heptanone as derivatizing agent” Food 
Addit. Contam. (2004) 21, 204-209 
 
Drozd 1985: J. Drozd, “Chemical derivatization in gas chromatography” Elsevier  Nueva 
York (1985) 
 
Hamlet 1997: C. G Hamlet, P. G. Sutton “Determination of the Chloropropanols, 3-
Chloro-1,2-propandiol and 2-Chloro-1,3-propandiol, in Hydrolysed Vegetable Proteins 
and Seasonings by Gas Chromatography/Ion Trap Tandem Mass Spectrometry” Rapid 
Commun. Mass Spectrom. (1997) 11, 1417-1424 
 
Hamlet 1998: C. G Hamlet, “Analytical methods for the determination of 3-chloro-1,2-
propandiol and 2-chloro-1,3-propandil in hydrolysed vegatebles, seasonings and food 
products using gas chromatography ion trap tandem mass spectrometry” Food Addit. 
Contam. (1998) 15, 451-465 
 
Hamlet 2008: C. G. Hamlet, “Chloropropanols and their Fatty Acid Esthers” Cap 12 in 
“Bioactive Compounds in Foods” Ed J. Gilbert and H.Z. Senyuva. Blackwell. Oxford, 
2008. Pág 323-357 
 
Hu 2013: Z. Hu, P. Cheng, M. Guo, W. Zhang,. Y. Qi “A Novel Approach of Periodate 
Oxidation Coupled with HPLC-FLD for the Quantitative Determination of 3-Chloro-1,2-
propanediol in Water and Vegetable Oil” J. Agric. Food Chem. 2013, 61, 6614-6621  
 
Lee 2007: M. R. Lee, T. Chiu, J. Dou “Determination of 1,3-dichloro-2-propanol and 3-
chloro-1,2-propandiol in soy sauce by headspace derivatization solid-phase 
microextraction combined with gas chromatography–mass spectrometry” Analytica 
Chimica Acta (2007) 591, 167-172 
 
Meierhans 1998: D. Meierhans, S. Bruehlmann, J. Meili, C. Taeschler “Sensitive method 
for the determination of 3-chloropropane-1,2-diol and 2-chloropropane-1,3-diol by 
capillary gas chromatography with mass spectrometric detection” J. Chromatogr. A 





Pesselman 1988: R. Pesselman, M. Feit “Determination of residual epichlorohydrin and 
3-chloropropanediol in water by gas chromatography with electron-capture” J. 
Chromatogr. (1988) 439, 448-452 
 
Plantinga 1991: W. Plantinga, W. Van Toorn, G. Van der Stegen “Determination of 3-
chloropropane-1,2-diol in liquid hidrolized vegetable proteins by capillary gas-
chromatography with flame ionization detection” J. Chromatogr. (1991) 555, 311-314 
 
Rétho 2005: C. Rétho, F. Blanchard “Determination of 3-chloropropane-1,2-diol as its 
1,3-dioxolane derivative at the µgkg-1 level: Application to a wide range of foods” Food 
Addit. Contam. (2005) 22, 1189-1197 
 
Rodman, 1986: L. Rodman, R. Ross, “Gas-liquid chromatography of 3-
chlropropanediol” J. Chromatogr. (1986) 369, 97-103 
 
Shareef 2006: A. Shareef, M. Angove, J. Wells “Optimization of silylation using N-
methyl-N-(trimethylsilyl)-trifluoroacetamide, N,O-bis-(trimethylsilyl)-trifluoroacetamide 
and N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide for the determination of the 
estrogens estrone and 17-ethinylestradiol by gas chromatography–mass spectrometry” J. 
Chromatogr. A  (2006) 1108, 121-128 
 
Trujillo-Rodriguez 2013: M.J. Trujillo-Rodriguez, P. Rocio-Bautista, V. Pino, A. M. 
Afonso, “Ionic liquids in dispersive liquid-liquid microextraction” Trends  Anal. Chem. 
(2013) 51, 87-106 
 
Valcárcel 1988: Valcárcel Cases, Gómez Hens. “Técnicas analíticas de separación” 
Editorial Reverté, Barcelona (1988) 
 
Van Bergen 1992: C. Van Bergen, P. Collier, D. Cromie, R. Lucas, H. Preston, D. 
Sissons, “Determination of chloropropanols n proteins hydrolysates” J. Chromatogr. 
(1992) 589, 109-119 
 
Wenzl, 2007: T. Wenzl, D. Lachenmeier, V. Gökmen, “Analysis of heat-induced 
contaminants (acrylamide, chloropropanols and furan) in carbohydrate-rich food” Anal. 
Bioanal. Chem. (2007) 389, 119-137 
 
Xu 2006: X. Xu, Y. Ren, P. Wu, J. Han, X. Shen, “The simultaneous separation and 
determination of chloropropanols in soy sauce and other flavouring with gas 
chromatography-mass spectrometry in negative chemical and electron impact ionization 






Capítulo 4.- MÉTODOS DE DETERMINACIÓN DE CLOROPROPANOLES 
 
La Comision Europea no propone un método de análisis oficial para determinar 
cloropropanoles pero especifica los criterios que debe cumplir un método para 
proporcionar oficialmente resultados aceptables incluyendo, cuando sea posible, la 
validación con un material de referencia. Los criterios para la determinación de 3-MCPD 
se muestran en el Reglamento (CE) nº 333/2007 [Comisión europea 2007] Anexo 2. 
 
 




CRITERIO VALOR RECOMENDADO CONCENTRACIÓN 
Valores blanco Menos que LOD - 
Recuperación 75-110% todas 
LOD 5 µg kg
-1
 (o menos) basados en 
material seca - 
LOQ 10µg kg
-1(o menos)  basados 
en materia seca - 
precisión <4 µg kg-1 20 µg kg-1 
 <6 µg kg-1 30 µg kg-1 
 <7 µg kg-1 40 µg kg-1 
 <8 µg kg-1 50 µg kg-1 




4.1.- CROMATOGRAFIA DE GASES ACOPLADA CON 
ESPECTROMETRÍA DE MASAS  
 
La separación de cloropropanoles generalmente se lleva a cabo mediante 
cromatografía de gases, siendo necesaria su derivatización en la mayoría de las 
aplicaciones como se describe en el apartado II.3 de esta memoria. En esta Tesis Doctoral 
se ha utilizado el acoplamiento de la CG con espectrometría de masas como sistema de 
detección. La espectrometría de masas con fuente de impacto electrónico y analizadores 






modos GC-MS y GC-MS/MS. A continuación, se describen someramente los 
fundamentos básicos de funcionamiento de los sistemas de detección utilizados. 
La figura II.27 esquematiza el proceso que se da en un sistema GC. Inicialmente una 
muestra que contiene 3 analitos (a, b y c) es cromatografiada en el sistema GC. Si la 
separación es apropiada, el resultado serán tres picos totalmente separados. Estos picos 
están físicamente separados y, por lo tanto, llegarán en momentos diferentes al detector 
de masas (MS), que está directamente acoplado al instrumento de GC. Esto permitirá 
obtener 3 espectros de masas de cada uno de los analitos de la mezcla. Como resultado 
final se dispone de un doble criterio de identificación; el tiempo de retención (que deberá 








4.1.1.- MODOS DE DETECCIÓN DE M/Z 
 
Los espectrómetros de masas pueden operar en modo barrido (scan) o en el modo de 
monitorización de un ión seleccionado selected ion monitoring (SIM) [Soborg 2004]. 
 
 Modo scan: en el modo scan los instrumentos detectan todas las señales en un 









Espectro de masas de B
Espectro de masas de C





 Modo SIM: cuando un espectrómetro de masas trabaja en modo SIM, en lugar de 
estar continuamente barriendo todas las m/z, monitoriza solo unas pocas de ellas. 
Como consecuencia, el analizador es capaz de estar mucho más tiempo haciendo 
un muestreo de cada uno de los valores m/z seleccionados. Otra consecuencia del 
modo de trabajo SIM es que, si se seleccionan apropiadamente los valores de m/z, 
se puede reducir significativamente el ruido de fondo inespecífico. 
 
 
4.1.2.- ESPECTRÓMETROS DE MASAS  
 
En la figura II.28 se muestra un esquema donde se observan las distintas partes del 










Después de la separación de los componentes de la muestra en el sistema 
cromatográfico, los analitos pasan al espectrómetro de masas. La muestra se somete a una 
temperatura suficientemente elevada como para producir un vapor molecular, el cual 
posteriormente se ioniza bombardeando las moléculas originadas con un haz de 
electrones de elevada energía. Los electrones procedentes de un filamento caliente 
bombardean las moléculas de la muestra con una energía de aproximadamente 70 eV 
produciendo un ión molecular y energía adicional que induce la fragmentación en todos 



















las moléculas e iones formados no colisionan entre si y se separan dando espectros 
característicos de cada sustancia. 
La ionización puede ser de dos tipos: ionización electrónica (EI) o ionización 
química (CI). 
Ionización electrónica: Los electrones procedentes de un filamento caliente 
(frecuentemente de renio) bombardean a las moléculas de la muestra con una energía de 
70 eV, produciendo un ión molecular y algo de energía adicional que induce la 
fragmentación (vía vibraciones, rotaciones y reorganización molecular) en todos los iones 











Como la presión es muy baja, las moléculas y los iones que se han formado no 
colisionan entre sí y es posible separarlos, originando espectros de masas muy 
característicos de cada molécula.  
Una vez generados los iones, estos deben ser separados en función de su relación 
masa/carga, para lo cual existen diferentes dispositivos, los más utilizados son los 







70 eV e- A - B - C
< 70 eV e- e- de baja energía
A - B - C
A+ + B - C A - B + C+
A + B - C+ A - B+ + C





4.1.2.1.- ANALIZADOR DE TRAMPA DE IONES 
 
Una trampa de iones consta de tres electrodos que forman una cavidad en la que tiene 
lugar el proceso completo de ionización, fragmentación, almacenamiento y filtración de 
los iones formados. Al electrodo central se le aplica un potencial de radiofrecuencia (RF) 
que crea un campo eléctrico hiperbólico tridimensional, en el que los iones son atrapados 
en órbitas estables. A medida que se aumenta el voltaje de RF, las trayectorias de los 
iones se hacen inestables en el sentido en que aumenta la relación masa/carga, y son 
expulsados de la trampa hacia el multiplicador de electrones. El voltaje de RF aumenta 
con una rampa de 5600 mHz/s, de forma que un barrido completo del rango de masas 
seleccionado origina un microscan.  
Para evitar las reacciones ión-ión e ión-molécula, causa de espectros mal resueltos, se 
aplica un voltaje adicional de RF (voltaje de modulación axial) que aumenta la resolución 
entre masas. Mediante este potencial, los iones ocupan mayor volumen en el interior de la 

























4.1.2.2.- ANALIZADOR DE CUADRUPOLO 
 
Un cuadrupolo consta de dos pares de cilindros o barras a cada uno de los cuales se le 
aplica una combinación de potenciales de radiofrecuencia (RF) y de corriente continua 
(DC), que se van variando de forma que sólo los iones con cierta relación m/z sean 
capaces de atravesar completamente el filtro de masas (eje Z). Los potenciales aplicados a 











Si se considera un solo ión, los potenciales de radiofrecuencia y corriente continua se 
mantienen constantes y, sea cual sea su valor en un momento determinado, sólo los iones 
con un valor específico de m/z podrán atravesar el analizador. El resto de los iones se 











    
 
 




Cuando se hace un barrido sobre un cierto rango de masas, el potencial DC se varía 
linealmente manteniendo constante la relación RF/DCA. El resultado es la filtración 












Una de las ventajas de estos analizadores es la posibilidad de trabajar en modo SIM 
(selected ion monitoring), el cual es el modo de trabajo cuando el objetivo principal del 
análisis es maximizar la sensibilidad. 
En modo SIM se puede preseleccionar uno o varios iones y enfocar el barrido del 
analizador cuadrupolar exclusivamente sobre los mismos. El SIM se diferencia del 
cromatograma de masas en que se configura el analizador para la adquisición de una sola 
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La principal ventaja de trabajar en SIM es la sensibilidad, que está relacionada con la 
velocidad de barrido y con la selectividad. Si se limita el número de iones a monitorizar, 
se puede aumentar la velocidad ya que el tiempo de cada ciclo es menor, incrementándose 
la respuesta. Por ejemplo, si sólo se monitorizan tres iones, la señal obtenida es 1000 
veces mayor que la obtenida en el barrido de un rango de 300 m/z. Sin embargo, cuanto 
menor es el número de líneas a monitorizar, menor es también la información cualitativa 
que se obtiene en el análisis. Se trabaja en SIM una vez que los compuestos a analizar 
están perfectamente caracterizados (a partir de barridos full scan previos), con el único 
objetivo de maximizar la sensibilidad. La mayoría de los instrumentos permiten 
establecer varios grupos de iones a monitorizar que, además pueden cambiar durante el 
análisis mediante la división del mismo en segmentos de tiempo. 
 
 
4.1.3.- MS-MS (ESPECTROMETRÍA DE MASAS EN TANDEM) 
 
Esta técnica consiste en seleccionar un ión característico del compuesto a analizar 
(parent ion) y someterlo a una nueva fragmentación para obtener nuevos iones (daughter 
ions o product ions), es decir, un nuevo espectro de masas que pueda relacionarse con el 
ión de partida. Mediante la refragmentación se consigue un espectro tan selectivo que, a 
partir del mismo, se puede identificar positivamente un cierto compuesto. Por otra parte, 
la reducción del ruido de fondo (se ha seleccionado un solo ión parent) conduce a 
relaciones S/N extremadamente altas a pesar de la reducción global de la señal 
(abundancia).  
La MS-MS puede realizarse tanto en cuadrupolos como en trampas de iones. 
 
- MS-MS EN CUADRUPOLOS 
Se colocan tres cuadrupolos en serie, el primero se programa para actuar solamente 
como filtro del ión seleccionado (no realiza barrido de masas). El segundo cuadrupolo 
sirve como cámara de colisión del ión con un gas inerte de activación. En este proceso, 
una parte de la energía cinética del ión parent se transforma en energía interna, causante 
de la disociación del ión parent. A este cuadrupolo intermedio únicamente se le aplica 





tercer cuadrupolo. Este es un segundo analizador que barre un rango de masas 
programado desde una masa baja hasta una unidad de masa por encima del ión parent. Por 
tanto, se obtiene un espectro de masas en el que todos los iones se han originado a partir 
del mismo ión. Normalmente, el ión seleccionado para refragmentar es el ión molecular o 
cualquier ión del espectro de MS que sea lo suficientemente característico. 
 
- MS-MS EN TRAMPA DE IONES 
Todos los procesos tienen lugar secuencialmente en la misma cavidad, realizándose 
en primer lugar la selección del ión parent (SIS) y a continuación la disociación de este 
ión mediante CID (collision-induced dissociation) con las moléculas del gas portador. 
 
 
4.1.4.- SECUENCIA DE FRAGMENTACIÓN POR IMPACTO 
ELECTRÓNICO DE LOS COMPUESTOS DERIVATIZADOS CON BSTFA  
 
Mediante el estudio bibliográfico de las posibles rutas de fragmentación del 1,3-
DCP-TMS y 3-MCPD-TMS, se proponen las siguientes rutas que dan lugar a los 
fragmentos correspondientes a los iones m/z de mayor abundancia que se observan en los 




4.1.4.1.- 3-MCPD-TMS Y d5-3-MCPD 
 
En la figura II.35 se muestra la posible ruta de fragmentación de 3-MCPD-TMS 
derivatizado con BSTFA, donde se proponen los fragmentos correspondientes a los iones 
de m/z de mayor abundancia que se observan en los espectros de masas. En el espectro de 
masas de la figura II.36 pueden observarse como iones mayoritarios, los iones de m/z 73, 
147 y 239. El ión de m/z 73 no ha sido utilizado en la cuantificación ya que su presencia 
puede deberse al fraccionamiento del agente derivatizante [Little, 1999; Borges, 2005] 
como se observa en la figura II.37. Por otro lado el ión de m/z 147 tampoco se tiene en 
cuenta para la cuantificación debido a que podría formarse como consecuencia de 
reaccionar el BSTFA consigo mismo al encontrarse en exceso [Rontani, 2004] como se 
observa en la figura II.38. 
Los iones que se esperarían encontrar en el d5-MCPD-dTMS serían los de m/z 
correspondientes a 5 unidades más que el 3-MCPD-TMS, es decir, m/z: 259 (ión 
molecular, si existiese), 244 y 224, por lo que se decide cuantificar simplemente con el 


















































































Figura II.37.- Fragmento correspondiente al ión de m/z 73 
 
 
























































4.1.4.2.- 1,3-DCP-TMS Y d5-1,3-DPC-TMS 
 
En este apartado se trata de dar explicación a la posible ruta de fragmentación del 
espectro de masas de 1,3-DCP-TMS con el objeto de seleccionar los canales más 
adecuados para su cuantificación. 
En la figura II.39 se muestra la posible ruta de fragmentación de 1,3-DCP-TMS 
derivatizado con BSTFA, donde se proponen las rutas que originan los fragmentos 
correspondientes a los iones de m/z de mayor abundancia que se observan en los 
espectros de masas. Los iones producto mayoritarios son los de m/z 185, que se explica 
por la pérdida de un ión CH3 a partir del ión molecular; m/z 151 que se obtiene al 
perderse un ión Cl del fragmento anterior y m/z 93 obtenido a partir del fragmento 151 
[Rychlik, 2001; Wang, 2004; Rontani, 2004; Alexey, 2004]. En el espectro de masas de la 
figura II.40 puede observarse también un ión abundante de m/z 73 que no ha sido 
utilizado en la cuantificación ya su presencia puede deberse al fraccionamiento del agente 
derivatizante BSTFA [Little, 1999; Borges, 2005] como se observa en la figura II.37. 
Los iones que cabria esperar tras la fragmentación de d5-1,3-DCP-TMS serían los 
correspondientes a 5 unidades más de masa que 1,3-DCP-TMS. Como se observa en la 
figura II.40, los iones más abundantes son los de m/z 190, 154 y 93, empleados en la 
























Figura II.39.- Posible ruta de fragmentación para el 1,3-DCP-TMS con BSTFA 










































4.1.5.- SECUENCIA  DE FRAGMENTACIÓN POR IMPACTO 
ELECTRÓNICO DE LOS COMPUESTOS DERIVATIZADOS CON HFBI  
 
Mediante el estudio de las posibles rutas de fragmentación de 3-MCPD, 1,3-DCP y 
2,3-DCP se proponen los fragmentos correspondientes a los iones m/z de mayor 
abundancia que se observan en los espectros de masas utilizando como agente 
derivatizante HFBI [Hamlet, 1997; Hamlet, 2002]. Existen iones con abundancia alta que 
aparecen en los espectros de masas de todos los compuestos, estos picos corresponden a 



















Espectro de masas de  1,3-DCP-TMS 




















Tabla II.7.- Fragmentos de derivatizante presentes en la fragmentación de los 
compuestos derivatizados con HFBI 
 
Fragmentos de HFBI 
m/z 197 C4OF7 
m/z 169 C3F7 
m/z 147 C3OF5 
m/z 119 C2F5 
m/z 69 CF3 
 
 
4.1.5.1.- 3-MCPD y d5-3-MCPD 
 
En la figura II.42 se muestra la posible ruta de fragmentación de 3-MCPD y d5-3-
MCPD derivatizados con HFBI, donde se proponen los fragmentos correspondientes a los 





Figura II.41.- Espectro de masas de 3-MCPD y d5-3-MCPD derivatizado con HFBI 
 














































Figura II.42.- Posible ruta de fragmentación para 3-MCPD y d5-3-MCPD 


































































4.1.5.2.- 1,3-DCP Y d5-1,3-DCP 
 
En este apartado se trata de dar explicación a la posible ruta de fragmentación del 
espectro de masas de 1,3-DCP y d5-1,3-DCP derivatizados con HFBI, con el objeto de 
seleccionar los iones más adecuados para su cuantificación y cualificación. 
En la figura II.44 se muestra la posible ruta de fragmentación de 1,3-DCP y d5-1,3-
DCP derivatizados con HFBI, donde se proponen los fragmentos correspondientes a los 








Figura II.43.- Espectros de masas de 1,3-DCP y d5-1,3-DCP derivatizados con HFBI 
 














































Figura II.44.- Posible ruta de fragmentación para 1,3-DCP y d5-1,3-DCP 






En la figura II.46 se muestra la posible ruta de fragmentación de 2,3-DCP 
derivatizado con HFBI, donde se proponen los fragmentos correspondientes a los iones de 



































Figura II.46.- Posible ruta de fragmentación para 2,3-DCP derivatizado con HFBI 
[Hamlet, 1997; Hamlet, 2002, Stadler, 2008, Stadler, 2009] 
 










































La concentración relativamente baja de los cloropropanoles en los alimentos y la 
complejidad de las matrices, hacen inevitable la concentración y la limpieza de la muestra 
como pasos previos a la determinación de los analitos. Hasta la actualidad, los métodos de 
preparación de muestra, tales como la extracción líquido-líquido (LLE), combinada con la 
extracción en fase sólida (SPE)  han sido los métodos  utilizados para la extracción de 
cloropropanoles. Aunque los límites de detección obtenidos de esta manera son más bajos 
que los establecidos por la normativa de la UE, estos métodos, que implican el uso de 
grandes cantidades de disolventes orgánicos y de Extrelut NT como adsorbente, son 
tediosos y consumen mucho tiempo. Además, los procedimientos analíticos para la 
determinación de cloropropanoles deben incluir una etapa de derivación antes de la 
determinación por cromatografía de gases debido a su alta polaridad [Carro, 2013]. Para 
superar estos problemas, en esta tesis se han propuesto métodos alternativos, tales como 
la extracción con líquidos presurizados (PLE) combinada con la derivatización in situ 
[Racamonde, 2011], la extracción en fase sólida utilizando cartuchos Oasis HLB 
[González, 2011], la microextracción en fase sólida (SPME) [Carro, 2009] y la DLLME 
integrando simultáneamente extracción y derivatización [Carro, 2013]. 
El análisis de cloropropanoles a niveles  traza (microgramos por kilo) es complejo. 
Las principales características físicas que contribuyen a esta dificultad son la ausencia de 
un grupo cromóforo en la molécula, un alto punto de ebullición y un bajo peso molecular. 
Los primeros métodos desarrollados para la determinación de cloropropanoles sin 
derivatización mostraron una baja sensibilidad [Wenzl, 2007]. 
El análisis directo por GC sin derivatización es limitado,  aunque recientemente ha 
sido publicado algún método por GC-MS [Xu, 2013a]. La baja volatilidad y alta 
polaridad de 3-MCPD da lugar a interacciones desfavorables con los componentes del 
sistema GC que originan picos pequeños y por tanto, baja sensibilidad. Por ejemplo, el 3-
MCPD puede reaccionar durante la separación por cromatografía de gases con otros 
componentes de la muestra para formar el ácido clorhídrico en presencia de agua, así 
como con sitios activos de la columna quedando retenidos en cabeza de columna [Kissa, 
1992]. Las interferencias también pueden provenir de la reacción del 3-MCPD con 
cetonas presentes en la matriz para formar acetales [Kissa, 1992]. En los análisis de 3-
MCPD no derivatizado por GC se ha observado ensanchamiento de picos y picos no 
identificados [Rodman, 1986]. El bajo peso molecular de 3-MCPD impide que sus iones 
puedan ser distinguidos del ruido químico del fondo por espectrometría de masas (MS). 
También se han observado para los métodos no derivatizados otras desventajas que 
incluyen LOD que no satisfacen los límites de la Unión Europea para 3-MCPD, la mala 
forma de pico, fragmentos de bajo peso molecular e iones característicos insuficientes que 
llevan a baja sensibilidad, susceptibilidad a interferencias de la matriz y falta de fiabilidad 
de la identidad del analito[Baer, 2010].Sin embargo, Xu y col. [Xu, 2013] han 
desarrollado un método cuantitativo para la determinación de 3-MCPD en alimentos por 
cromatografía de gases-espectrometría de masas de triple cuadrupolo (GC-MS/MS) sin 
necesidad de derivatizar. Acoplaron una columna de 3 m Innowax a una de 30 ms DB-5 





en el modo de monitorización de reacciónes múltiples (MRM) para eliminar 
interferencias de la matriz y obtener una buena sensibilidad. 
Los problemas que se presentaron en los primeros análisis cromatográficos de 1,3-
DCP sin derivatizar utilizando un detector de captura electrónica, provienen de su alta 
volatilidad, que complica la concentración de extractos sin pérdidas de analito. Además, 
los extractos probablemente contengan un gran número de compuestos que en 
cromatografía de gases van a coeluír con 1,3-DCP, y por tanto, éste no puede ser 
correctamente identificado usando el detector de captura de electrones (ECD). Otro 
problema añadido es que consumen mucho tiempo y requieren un grado considerable de 
habilidad y experiencia en manipulaciones de laboratorio [Crewsy, 2002]. Por tanto una 
propuesta es realizar una extracción con destilación de vapor con éter de petróleo/acetato 
de etilo co-destilado y determinar 1,3-DCP no derivatizado mediante GC-ECD [Wenzl, 
2007]. Crews y col. desarrollaron un método automático de extracción en espacio de 
cabeza (HS) para el análisis de 1,3-DCP [Crewsy, 2002]. Las ventajas del método son su 
rapidez, sensibilidad y la exigencia de poca preparación de la muestra. El método 
proporciona la identificación de 1,3-DCP por espectrometría de masas, y la cuantificación 
exacta cuando se usa un estándar interno deuterado. Nyman y col. [Nyman, 2003] indican 
que el método anterior es rápido y simple, pero que no permite el análisis simultáneo de 
1,3-DCP y 3-MCPD ya que estos compuestos sin derivatizar requieren columnas 
diferentes. Además, los iones de los compuestos no derivatizados son de bajo peso 
molecular y hacen que este método sea susceptible de interferencias y menos fiable para 
la confirmación de la identidad del analito. Recientemente, Xu y col., consiguieron 
determinar directamente sin derivatización mediante cromatografía de gases 1,3-DCP, 
2,3-DCP, 3-MCPD y 2-MCPD inyectándolos directamente en una columna de 3 m 
Innowax (polietilenglicol) combinada con una columna de 30 m DB-5 ms ((5%-fenil)-
metilsiloxano) mediante un conector de columna capilar de cuarzo. Los límites de 
detección (LODs) en la matriz de la muestra fueron respectivamente para los 
cloropropanoles, 1.0, 2.5, 5.0 and 5.0 mg Kg-1 [Xu, 2013a]. Mo y col. consiguió la 
separación cromatográfica de cloropropanoles mediante una columna Innowax de 30 m 
(0,25 mm id, 0,25 µm df J&W (Agilent, Wilmington, DE, USA) polietilenglicol) y un 
espectrómetro de masas con un triple cuadrupolo en modo MRM para mejorar la relación 
señal/ruido [Mo, 2014]. Las transiciones obtenidas se muestran en la tabla II.8. 
 
 
Tabla II.8.- Parámetros de MS/MS para los cloropropanoles 
 
Compuesto Transicionesa (Energía colisión (eV)) 
1,3-DCP-d5 82→46 (8) 84→46 (8) 
1,3-DCP 79→43 (8) 81→43 (8) 
2,3-DCP 62→27 (10) 64→27 (10) 
3-MCPD-d5 82→46 (8) 84→46 (8) 
3-MCPD 79→43 (8) 81→43 (8) 
2-MCPD 62→27 (12) 64→27 (12) 
a






La opción del análisis mediante cromatografía líquida de alta resolución (HPLC) no 
es muy utilizada para estos compuestos debido a sus características (la ausencia de grupos 
cromóforos sin el paso previo de la derivatización hace imposible su detección mediante 
ultravioleta y fluorescencia). Se han encontrado dos publicaciones donde los 
cloropropanoles son analizados por cromatografía líquida. Bai y col. derivatizan el 3-
MCPD con una disolución de dimetilamina (DMA) al 40 % p/p en agua; después de la 
derivatización se introduce el vial directamente en el sistema LC/MS [Bai 2010]. Hu et. al 
convierten primero el 3-MCPD en cloroacetaldehido tratándolo con peryodato de sodio, 
entonces se derivatiza con adenina fluorescente para producir εAde, que puede ser 
analizada con HPLC-FLD [Hu, 2013]. Lo mismo ocurre con la determinación  mediante 
técnicas electroforéticas [Xing 2007]. 
Los distintos métodos que se han aplicado hasta el día de hoy se resumen en la tabla 
II.9. Todos los métodos para la determinación de cloropropanoles, descritos 
recientemente en la bibliografía, se basan en cromatografía de gases  acoplada a 
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5.1.- DETERMINACIÓN DE 1,3-DICLORO-2-PROPANOL EN AGUA 
MEDIANTE MICROEXTRACCIÓN EN FASE SÓLIDA SEGUIDA DE LA 
DERIVATIZACIÓN EN LA FIBRA CON 
BIS(TRIMETILSILIL)TRIFLUOROACETAMIDA 
 
El compuesto seleccionado en este trabajo es el 1,3-dicloro-2-propanol (1,3-DCP) 
resulta de gran interés desde el punto de vista analítico, ya que pertenece a un grupo de 
contaminantes emergentes denominado cloropropanoles, utilizados en diversos procesos 
industriales, como disolventes, para la producción de lacas, de productos farmacéuticos, 
de resinas que se utilizan en el blanqueamiento del papel y en la cloración del agua. 
Como resultado de estas acciones, el 1,3-DCP puede llegar al medio acuático.  
Su presencia en aguas de distinta procedencia e incluso en gran cantidad de alimentos 
procesados, puede dar lugar a una considerable exposición al contaminante, con sus 
posibles efectos toxicológicos. Esta situación conduce al establecimiento de unos límites 
máximos o al menos a la iniciación de programas para evaluar riesgos ambientales y de 
salud pública. La Comisión del Código Alimentario recomendó clasificar el 1,3-DCP 
como carcinógeno genotóxico. Pero, hasta el momento, sólo Austria ha establecido un 
límite de 10 µg L-1 de 1,3-DCP en aguas, como concentración tolerable e indicador de 
calidad.  
Por tanto, su presencia en el medio ambiente, unida a la falta de información sobre 
sus posibles efectos a largo plazo, el interés de la Comunidad Europea para el control de 
la contaminación de aguas naturales y a la escasa existencia de metodologías adecuadas 
para su determinación a niveles traza, son motivos suficientes que justifican su estudio en 
muestras de agua. 
La meta principal de este estudio ha sido proponer una metodología que proporcione 
buenos resultados y que reduzca, en lo posible, el volumen de muestra, el empleo de 
disolventes orgánicos, el riesgo para el analista y el tiempo total de análisis, sin que ello 
afecte a la calidad del resultado final. Se ha seleccionado una técnica de extracción y 
concentración sencilla, la microextracción en fase sólida espacio de cabeza (HS-SPME) 
con derivatización en la fibra con BSTFA (la baja volatilidad de los cloropropanoles y su 
elevada polaridad hace necesario realizar previamente una reacción de derivatización para 
su determinación mediante cromatografía de gases) y la cromatografía de gases con 
detección de masas en tándem (GC-MS/MS) como sistema de determinación, debido a la 
selectividad y sensibilidad apropiadas para el analito de interés en muestras de agua. 
La optimización del proceso de extracción se realizó utilizando un diseño factorial 
asimétrico para el estudio de cinco factores experimentales (tiempo y temperatura de 
extracción, tiempo y temperatura de derivatización y pH). Las condiciones óptimas 
operacionales de la extracción y derivatización de 1,3-DCP en muestras de agua fueron: 
extracción en espacio de cabeza del analito de interés, con una fibra de divinilbenceno-
carboxen-polidimetilsiloxano, en muestras de 5 mL de agua (tamponadas a pH 4) 
conteniendo 1,3 g de sal durante 30 minutos a 25 ºC. Finalizada la etapa de extracción se 
realizó la sililación on-fiber de los analitos. Para ello, la fibra se situó en el espacio de 
cabeza de un vial de 1,5 mL conteniendo 50 µL de BSTFA, la reacción que tiene lugar a 






El método propuesto proporciona alta sensibilidad, buena linealidad y repetibilidad 
(desviación estándar relativa de 5,1 % para 10 ng mL-1 y n=5). Los límites de detección y 
cuantificación fueron 0,4 y 1,4 ng mL-1 respectivamente. Las recuperaciones para las 










Este método fue aplicado a distintas muestras de agua para estudiar la presencia del 
1,3-DCP. Las muestras evaluadas fueron: agua mineral embotellada, agua de grifo, agua 
de río y afluente y efluente de depuradora de una industria papelera. De las ocho muestras 
analizadas en dos de ellas fue detectado y cuantificado el analito objeto de estudio a 
niveles de concentración superiores al LOQ. En ambos casos, los resultados, fueron 
inferiores al límite de la única legislación vigente para muestras de aguas. Los análisis 
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SOLID-PHASE MICRO-EXTRACTION PROCEDURE FOR THE 
DETERMINATION OF 1,3-DICHLORO-2-PROPANOL IN WATER BY ON-






The headspace solid-phase micro-extraction technique with on-fibre derivatisation 
followed by gas chromatography-tandem mass spectrometry has been evaluated for the 
analysis of 1,3-dichloro-2-propanol in water. An asymmetric factorial design has been 
performed to study the influence of five experimental factors: extraction time and 
temperature, derivatisation time and temperature and pH. The best extraction performance 
is achieved in the headspace mode, with 5 mL stirred water samples (pH 4) containing 1.3 
g of NaCl, equilibrated for 30 min at 25 °C, using divinylbenzene-carboxen-
polydimethylsiloxane as the fibre coating. On-fibre derivatisation has been used for the 
first time with 50 µL of bis(trimethylsilyl)trifluoroacetamide at 25 °C during 15 min, 
leading to effective yields. The proposed method provides high sensitivity, good linearity 
and repeatability (relative standard deviation of 5.1% for 10 ng mL−1 and n=5). The limits 
of detectionnand quantification were 0.4 and 1.4 ng mL−1, respectively. Analytical 





Processing of defatted vegetable proteins by traditional hydrochloric acid hydrolysis 
leads to the formation of 1,3-dichloro-2-propanol (1,3-DCP). The occurrence of this 
undesirable contaminant in other foodstuffs and beverages is relatively recent and has 
prompted much new research [1, 2]. There are several reasons for the aquatic 
environmental concern of 1,3-DCP. It can be present in drinking water through the use of 
polyamine flocculating agents. It is used in high volume as a chemical intermediate for 
epichlorohydrin production (via hydrolysis or ring-opening reactions of epichlorohydrin 
or hydrochloric acid) and in the production of 1,3-dichloropropene and 1,2,3-
trichloropropane. Industrial sources related to epoxy resins, elastomers, surfactants, 
plasticisers, dyestuffs, pharmaceutical products, pulp and paper production, oil 
emulsifiers, lubricants and adhesives are an important anthropogenic 1,3-DCP source in 
the environment [3, 4]. Moreover, 1,3-DCP is carcinogenic, mutagenic and genotoxic, 
having a high risk factor for human and animal toxicity with regards to the aquatic 
environment [1, 5, 6]. It has been shown unequivocally that this contaminant can interact 
with chromosomes and/or DNA [6] and because of its carcinogenicity, JECFA has 
recommended that no level of 1,3-DCP is safe [4, 7]. However, only the Austrian 
Ministry of Agriculture and Forestry, Environment and Water Management has put 1,3-
DCP on a list of environmental contaminants to be monitored in Austrian river water with 






The physical characteristics of chloropropanols restrict their analysis [8, 9]. In fact, 
the low volatility of 1,3-DCP complicates the concentration of solvent extracts without 
losses of analyte. The solvent extracts may include a number of compounds, which will 
potentially co-elute with 1,3-DCP on gas chromatography (GC) [9]. Due to their high 
limits of detection, capillary electrophoresis [10] or GC methods without derivatisation 
are not suitable for use in controlling EU legal limits of chloropropanols [9] or for the 
simultaneous analysis of different chloropropanols [11,12]. 
Conventionally, derivatisation methods include heptafluorobutyrylimidazole (HFBI) 
[8, 13–16] or heptafluorobutyric anhydride (HFBA) [9, 16, 17], phenylboronic acid [9, 
15] and trimethylsilyl (TMS) as N-methyl-N-(trimethylsilyl)-trifluoroacetamide 
(MSTFA) [18] to provide a derivative that is suitably volatile and can be readily detected 
by GC-mass spectrometry (MS). Limitations for HFBI or HFBA include the potential for 
incomplete derivatisation, inefficient partitioning and short-term stability of the 
derivatives [9]. 
Previous extraction methods for chloropropanols are relatively time consuming, 
required a considerably large amount of toxic solvent, which affects the detection limit of 
trace analysis, and are hazardous to human health and a risk to the environment (Table 1) 
[9, 19–23]. 
Solid-phase micro-extraction (SPME) is an alternative solvent-free sampling 
technique widely used for the analysis of volatile compounds. It can be used for 
headspace (HS) sampling prior to GC-MS analysis (Table 1) [15, 18, 24]. But, there are 
no references on SPME application to monitoring the presence of 1,3-DCP in aquatic 
systems or bis(trimethylsilyl)trifluoroacetamide (BSTFA) as derivatisation agent. 
Chemometric experimental design in micro-extraction plays a crucial role in 
sustaining the highest quality of analytical data [25]. The most common practice, one-
factor-at-a time approach, is time consuming, and misinterpretations of the obtained 
results are possible. A more effective method is to study factors effects simultaneously by 
setting the design of experiments statistical technique [25, 26]. 
In this study, a rapid, cost-effective procedure coupling on-fibre derivatisation with 
HS-SPME was developed and can be applied by using conventional equipment. 1,3-DCP 
adsorbed onto the fibre coating of the SPME system is derivatised, after being extracted 
from aqueous samples, with BSTFA. Damage to the coating is prevented by the HS 
mode. The present work is firstly focussed on method optimisation to elucidate the HS-
SPME on-fibre derivatisation behaviour. The SPME variables were evaluated by using an 
asymmetrical experimental design in order to achieve the mostappropriate conditions to 
extract and derivatise the 1,3-DCP directly from the sample. The second goal was 
tovalidate the GC-MS/MS evaluating the detection limits, the linear dynamic detection 
range, precision and accuracy. Finally, the overall method was tested for the extraction of 
1,3-DCP in different aqueous samples (bottled water, tap water, river water and paper 































































































































































































































































































































































































































































































































































































































































































































































































































5.1.2.- MATERIALS AND METHODS 
 
Reagents and materials 
 
Chemicals and reagents were supplied as follows:1,3-dichloropropanol, 98% by 
Sigma-Aldrich (Steinheim, Germany); 1,3-dichloropropanol-d5 (1,3-DCP-d5) (98.8% 
atom % D) used as an internal standard (IS) by C/D/N Isotopes (Pointe-Claire, Quebec, 
Canada); N,O-bis(trimethylsilyl)trifluoroacetamide/trimethylchlorosilane  
(BSTFA/TMCS) 99:1 by Supelco (Bellefonte, PA, USA); water was processed through a 
Milli-Q UV plus system (Millipore, Bedford, MA, USA); ethyl acetate (Chromanorm), 
hidrochloric acid 36% (Normapor) and sodium chloride 99.8% (Normapor) were supplied 
by VWR-Prolabo (Mollet del Vallés, Barcelona, Spain). Commercially available fibre 
coatings, polyacrylate (PA 85 µm), poly(dimethylsiloxane)-divinlybenzene (PDMS/DVB 
65 µm, stableflex), carbowax–divinlybenzene (CW/DVB 65 µm) and divinlybenzene–
carboxen–poly(dimethyl-siloxane) (DVB–CAR–PDMS 50/30 µm, stableflex) were 
purchased from Supelco. Prior to use, all the fibres were conditioned according to the 
manufacturer's recommendations (temperature and time), and the SPME fibre lifetimes 
were within normal limits. 
 
 
Preparation of standard solutions and samples 
 
A stock standard solution of 1,3-DCP was prepared by dissolving an appropriate 
amount of 1,3 DCP in ethyl acetate to achieve a concentration of 5,000 µg mL−1 or in 
ultrapure water to achieve a concentration of 10,400 µg mL−1. The stock solution in ethyl 
acetate was stored at -20 °C. The stock solution in ultrapure water was stored at 4 °C. 
Working solutions of 1,3-DCP were obtained by making a serial dilution of the stock 
standard solutions with ethyl acetate or ultrapure water and then storing them at 4 °C until 
used for analysis. 
Sewage samples were taken in the influent and the effluent from a paper mill plant in 
Galicia (NW Spain). Besides river water from a collection site close to an urban centre in 
Galicia, tap water and different commercially bottled water from local market were also 
considered in this study. Collected water samples were placed in 250 mL brown glass 
bottles. Tap, river and wastewater were filtrated using cellulose acetate membranes (0.45 
µm; Millipore, Billerica, MA, USA) when received. The bottles were filled to the top -to 
minimise the headspace volume- then sealed with glass stoppers and laboratory film 
(Parafilm “M”, American National Can) and stored at 4 °C until used for analysis. 
Immediately before analysis, 5 mL of the cooled water sample was withdrawn. The 
sample was stirred on a magnetic stirrer with a Teflon-coated magnetic stirring bar. After 
adding 1,3 g NaCl, the sample was adjusted to pH 4 with HCl 0.01 M. 
The water samples were spiked with different amounts of working standard solutions 









All analyses were performed using a Varian 3900 gas chromatograph (Walnut Creek, 
CA, USA) coupled to a Varian Saturn 2100 T IT mass spectrometer. The GC-MS/MS 
was operated with a transfer line temperature of 280 °C and an ion source trap 
temperature of 220 °C. Chromatographic separation was achieved using an HP-5MS 
fused silica 0.25 µm of 5%-phenyl-methylpolysiloxane) Agilent Technologies J&W HP-
5MS with helium (purity 99.999%) as the carrier gas with a constant flow of 1.2 mL 
min−1. The gas chromatograph equipped with a split/splitless injection port was operated 
at 260 °C. The samples were injected in the splitless mode, and then the splitter was 
opened after 2 min. The optimal gas chromatograph separation conditions were 
programmed as follows: initial temperature 50 °C for 2min; then from50 to 100 °C at a 
rate of 3 °C/min; lastly from 100 to 280 °C at a rate of 40 ° C/min, with the final 
temperature being held for 10 min. The total run time of the analysis was 30 min. 
Full scan data acquisitions were carried out over the mass range m/z 60–300, at 0.40 
s/scan under the following conditions: manifold temperature, 100 °C; emission current, 
60 µA; multiplier offset voltage, +100 V; automatic gain control, 4,000 counts. 
MS/MS spectra were acquired by scanning the mass range m/z 75–210. The manifold 
temperature was maintained at 100 °C. The ion trap was operated in the EI positive mode 
(EI+) using an ionising energy of 70 eV and a filament emission current of 60 µA. 
Specific conditions for each analyte are listed in Table 1. Quantisation was accomplished 
capillary column (30 m×0.25 mm i.d., film thickness by relative areas vs. 1,3-DCP-d5 




HS-SPME on-fibre derivatisation 
 
SPME devices were obtained from Supelco (Bellefonte) and equipped with different 
fibres. Finally, under optimal conditions, the SPME fibre used was (50/30 µm StableFlex, 
PDMS/CAR/DVB; Supelco Company, Bellefonte). The fibre was conditioned under a 
stream of helium with a flow rate of 1.0 mL min-1 in the injection port of a GC at 260 °C 
for 1 h before use.  
Several parameters affecting extraction and derivatisation efficiency as well as 
selectivity were evaluated, as explained in “Results and discussion”. The optimal 
HSSPME on-fibre derivatisation conditions consisted of water samples (5 mL), spiked 
with 1,3-DCP and 1,3-DCP-d5 solutions and placed in 10-mL glass vials. After the 
addition of 1.3 g of NaCl and a pH 4 adjustment with HCl 0,01 M, the vials were sealed 
with a headspace aluminium cap furnished with PTFE-coated septa. The fibre was 
introduced through the septum and kept in the headspace of the vial for 30 min at 25 °C. 
Samples were stirred magnetically at 700 rpm with PTFE-coated stir bars (8 mm in 
diameter and 20 mm long; Supelco) during the extraction procedure using an Agimatic-E 






After extraction, the fibre was transferred into the headspace of a 1.5 mL vial closed 
with PTFE-coated septa, containing 50 µL of BSTFA, and held for 15 min at 25 °C. The 
1,3-DCP adsorbed onto the fibre was immediately derivatised with the BSTFA vapour. 
Once the analyte was derivatisated (1,3-DCP-TMS), the fibre was immediately 
desorbed in the GC injection port for 5 min at 260 °C, which was equal to the 
conditioning temperature of DVB-CAR–PDMS fibre coating. No carryover was observed 
after this desorption time, although an extra period of 5 min for desorption was 
considered to avoid any carryover effects after the analysis of highly concentrated 
samples. Triplicate analyses were performed for each data point in all experiments. 
 
 
5.1.3.- RESULTS AND DISCUSSION 
 




Preliminary studies were carried out to study the following: SPME extraction mode, 
the derivatisation mode, the derivatisation reagent volume, the headspace volume, salting 
out effect, agitation and the adsorption characteristics of fibre coatings. Various fibres 
were tested: PA 85 µm, PDMS/DVB 65 µm, CW/DVB 65 µm and DVB- 
CAR-PDMS 50/30 µm. Extraction was carried out at 50 °C for 30 min, and then on-
fibre derivatisation was applied with 50 µL BSTFA at 75 °C for 30 min. The results are 
shown in Fig. 1. Based on the physicochemical properties of derivatised 1,3-DCP-TMS, 
polar and bipolar fibre coatings are suitable for SPME extraction [27]. DVB–CAR–
PDMS was the most efficient extraction fibre followed by CW/DVB. However, the 
CW/DVB fibre had several disadvantages, namely reduced fibre lifetime and a decline in 
the transport of analytes to GC due the lower desorption temperature (220 °C), compared 
to the other fibres.  
 
 
Figure 1. Comparison of four commercial fibers for the extraction-
























Once the DVB–CAR–PDMS coating was selected, the direct immersion mode DI-
SPME and the headspace mode HS-SPME were evaluated. The relative signal area counts 
for 1,3-DCP-TMS using HS-SPME increased twofold compared with the DI-SPME. 
Moreover, HS-SPME reduces interferences from the matrix in real samples and avoids 
fibre damage. Therefore, HS was selected to extract 1,3-DCP that had been derivatised.  
Extraction efficiency can be improved by modifying the matrix. As regards SPME, 
the speed of extraction and the time it takes to reach equilibrium are primarily dependent 
on the rate of mass transport in the bulk of the sample. In keeping with our own 
experience and the literature [15, 18], samples were magnetically stirred at 700 rpm. In 
this way, the factors such as the headspace of the vial affect the equilibrium and 
extraction efficiencies of the sample by SPME are accounted for. Thus, 5, 7 and 8 mL of 
water sample spiked with a 500 ng mL−1 concentration of 1,3-DCP were separately added 
to a 10 mL vial. The results show that the highest peak area of 1,3-DCP-TMS was 
obtained when the volume of the sample was 5 mL. According to the literature [18], the 
peak area decreased as the volume of the solution increased, but a volume of sample less 
than 5 mL does not provide enough concentration of 1,3-DCP to be adsorbed by the 
SPME fibre. Most authors report beneficial effects of the addition of NaCl to the sample 
in the extraction efficiency of many compounds [9, 18, 24]. Thus, effects on extraction 
efficiency were experimentally evaluated by testing solutions containing salt in the range 
of 0 to 1.3 g NaCl (maximum amount before saturation). The most appropriate salinity 
condition was 1.3 g NaCl. Additionally, high salt contents do not affect the fibre stability 
when HS-SPME is used.  
Two strategies of SPME on-fibre derivatisation of polar organic compounds in water 
were evaluated [27]. In the first case, the BSTFA reagent is loaded onto the fibre, and 
then the SPME fibre simultaneously extracts and derivatises the analyte in the HS of the 
sample vial, at 75 °C for 30 min. In the second strategy, 1,3-DCP is previous extracted 
onto the fibre, which is then exposed to the derivatising BSTFA reagent in the vapour 
phase (headspace) at 75 °C for 30 min. The latter approach has provided the most 
efficient results according to the literature [27]. BSTFA volumes of between 20 and 100 
µL were tested using HS-SPME on-fibre derivatisation. The results indicated that the 
peak area of derivatised 1,3-DCP-TMS increased with the BSTFA volume to a maximum 
at 50 µL. When the BSTFA volume exceeded this value, the extraction efficiency was 





We used a screening asymmetrical design (3124//23= 8 experiments) for identifying 
effect factors on the responses (analyte peak area) directly related to HS-SPME on-fibre 
derivatisation [28]. The design consisted of four factors with two levels and one factor 
with three levels: adsorption and derivatisation time (15 and 60 min), adsorption and 
derivatisation temperature (25 and 60 °C) and pH (2, 4 and 6). A spiked water sample 
with a 1,3-DCP concentration of 20 ng mL-1 was employed. All experiments were carried 






mode, 5 mL of water sample, 1.3 g NaCl added, sample agitation at 700 rpm and 50 
BSTFA. NEMROD©W software was used for the generation and evaluation of the 
experimental design [29]. The results obtained were examine
graphic tools supplied in the software package used, including the total effect graph. In 
this one, the bars are proportional in length to the effect of each factor level on the 
analytical response (peak area). As can be seen in
derivatisation temperature (25 °C) with pH 4 provided the best responses. 1,3
showed better responses when a high level of adsorption and derivatisation time (60 min) 
were used. However, a low derivatisation time
responses, compared to those at 60 min. For this reason, the derivatisation time was set at 
15 min to avoid a protracted method. The extraction (adsorption) time profiles for 1,3
DCP were studied in detail. The exposure
studied between 5 and 90 min using the optimal conditions obtained above (Fig. 3). As 
expected, the peak area responses augmented, when the extraction time was increased 
until equilibrium was reached (60 min). Conside
was very close to the one obtained in equilibrium and that our aim was to develop a fast 




Figure 2. Total effect graph of the screening design for the extraction
of 1,3-DCP. The bar units are the chromatographic peak area.
 
d with the aid of different 
 Fig. 2, a low adsorption level and 
 (15 min) resulted in slightly lower 
 times for the DVB–CAR–PDMS fibre were 














Figure 3. Extraction time profile obtained by HS-SPME-on-fiber derivatization at 




HS-SPME on-fibre derivatisation GC-MS/MS performance 
 
BSTFA reacts with both 1,3-DCP and1,3-DCP-d5 to produce stable derivatives 
according to the equation in Fig. 4a. In the MS/MS mode, a precursor ion was chosen for 
1,3-DCP-TMS and 1,3-DCP-d5-TMS by taking into account their m/z and relative 
abundance (both as high as possible) in order to increase sensitivity. A resonant 
waveform, providing more cleavage energy to obtain good quality secondary spectra, was 
selected. The optimisation of the excitation amplitude voltage for 1,3-DCP-TMS was 
carried out using the automated method development option included in the MS/MS 
software tool kit [30]. The optimum value for this parameter was reached when the 
secondary spectrum showed multiple and intense product ions, while the parent ion 
intensity remained at around 10%. The electronic impact (EI)-MS/MS spectrum of the 
analyte under experimental conditions was stored in our own laboratory-made library. 
Quantification ions are shown in Table 2. The spectrum exhibits two abundant signals at 
m/z 93 and 149, corresponding to the ion species C3H5OCl and C5H11OSiCl, respectively, 
which were attributed to fragments of the precursor ion after the loss of a –Cl and then a –
Si(CH3)2 group. The proposed fragmentation pathway is given in Fig. 4b. The target 





























Table 2. Optimized MS/MS parameters for the analysis of 1,3-DCP-TMS  
 
Compound Precursor ion (m/z) 







1,3-DCP-TMS 185 93 + 149 81,4 0,45 




The whole analytical procedure using the sample preparation described (HS-SPME 
on-fibre derivatisation) combined with GC-MS/MS analysis was tested for linearity and 
recovery using fortified water samples, in which the presence of 1,3-DCP was not 
detected. A concentration ranging from 1 to 100 ng mL-1 was used, with six calibration 
levels and three replicates per level. Detector response was found to be linear (y=62.273 
x=297.33) in the range of concentrations studied, with a correlation coefficient (R2) of 
0.9996. In order to evaluate the reproducibility of the proposed method, five independent 
analyses were performed using two spiked concentration levels (10 and 50 ng mL−1). The 
results showed a low relative standard deviation (RSD) of 5.1% and 7.2% for 10 and 50 
ng mL−1, respectively. Limits of detection (LOD) and quantification (LOQ) of the 
analytical procedure were calculated for S/Ns of 3 and 10, respectively, following 
Eurachem recommendations [31]. LOD and LOQ were 0.4 and 1.4 ng mL−1, respectively. 
Finally, the recovery of the method was evaluated. Due to the possible matrix effect, 
quantitative measurements in real samples normally require the application of the 
standard addition method (see the equations in Table 3) [32]. For this reason, three 
replicates of influent and effluent sewage samples from a paper mill plant, one river water 
sample, three of commercial bottled water and one tap water sample were analysed using 
the standard addition method and internal standard (1,3-DCPd5) with 1,3-DCP added at 
10 ng mL−1. To calculate the apparent recoveries, the amounts found for 1,3-DCP were 
compared to the ones added. The resulting values are shown in Table 3 and were found to 
































































































































































Application of the proposed method to water samples 
 
The proposed methodology was applied to check the presence of 1,3-DCP in several 
real water samples. Sewage samples were first filtered using cellulose ester membrane 
filters (HAWP, 47 mm, 0.45 lm; Millipore). The samples evaluated included four of 
commercially bottled water, an influent and effluent sewage sample from a paper mill 
plant, one river water sample and one tap water sample. However, only two of these eight 
samples presented the target analyte at concentration levels higher than LOQ: influent 
sewage and river water (results shown in Table 3). In both cases, the results were lower 
than the limit of the only existing legislation for water samples [3]. The analyses were all 
performed in triplicate, and quantification was accomplished using the standard addition 
method. As an example, Fig. 5 shows the selected extracted ion GC-MS/MS 
chromatograms that were obtained after the developed method was applied to the analysis 
of a standard of 1,3-DCP, its isotopically labelled homologue (IS) and an influent sewage 
sample from a paper mill plant. As can be observed in Fig. 5c, the spectrum obtained by 
MS/MS confirms the identity of the analyte detected in the sample. 
 
 
Table 3. Extraction recoveries in fortified real water samples by HS-SPME-on-fibre 
derivatization-GC-MS/MS using the standard addition method and internal 






















sample from a 
paper mill plant 
y = 39.216 x - 
131.84 
9.9 9.2 93.1  11.1 
3.5 ± 0.7a 
Effluent sewage 
sample from a 
paper mill plant 
10.2 9.5 93.6  9.1 
n.d. 
Tap water y 0 54.541 x - 
387.55 
10.1 10.4 103.4  11.1 n.d. 
Commercial 
Bottled water A y = 53.125x + 
30.444 
9.8 9.7 99.5  11.9 n.d. 
Commercial 
Bottled water B 10.0 10.2 101.9  11.9 
n.d. 
Commercial 
Bottled water C 9.9 9.7 97.3  6.6 
n.d. 
River water y = 52.674 - 
254.18 
10.2 9.5 93.6  3.7 5.0 ± 0.7a 
 
a







This study proposed a method based on HS-SPME on-fibre derivatisation combined 
with GC-MS/MS, which proved to be robust procedure for determining trace levels of 
1,3-DCP in water samples. Chromatographic shape and sensitivity were improved using 
HS-SPME following on-fibre derivatisation combined with GC-MS/MS. In fact, 
problems related to the low volatility and strong polarity of the analyte as a free form 
make it difficult to determine. Thus, a suitable derivatisation reagent such as BSTFA was 
used, and different variables affecting the extraction and reaction were evaluated for the 
purpose of obtaining proper extraction and derivatisation efficiency. The method was 
enhanced by using an internal standard to improve precision and chemometrics based on 
an experimental design conceived to yield the optimal parameters. Experimental designs 
allow us to effectively determine the set of conditions required in the sample preparation 
process resulting in desirable characteristics with a minimum number of experiments. The 
proposed methodology provided good linearity and precision data (RSD under 7%). The 
sensitivity is sufficient to ensure a reliable determination of 1,3-DCP, well below the 
toxic levels that can be found in water samples. In conclusion, this solvent-free extraction 
and minimised derivatisation reagent approach is a simple, fast and accurate procedure 







Figure 5. HS-SPME-on-fiber derivatization-GC-MS/MS ion chromatograms and 
refragmentation spectra of a 1,3-DCP spiked water, A; a 1,3-DCP-d5 spiked water 
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5.2- EXTRACCIÓN EN FASE SÓLIDA COMBINADA CON LA 
CROMATOGRAFÍA DE GASES-ESPECTROMETRÍA DE MASAS PARA LA 
DETERMINACIÓN DE CLOROPROPANOLES EN AGUA 
 
 
Dada la importancia del agua para la vida de todos los seres vivos, y debido al 
aumento de las necesidades de ella por el continuo desarrollo de la humanidad, el hombre 
está obligado a proteger este recurso y evitar toda influencia nociva.  
En áreas pobladas e industrializadas suelen verterse sustancias químicas al medio 
acuático en grandes cantidades a través de canalizaciones industriales o de las redes de 
alcantarillado y vertidos incontrolados. Aparte de este factor de riesgo, el peligro para el 
medio ambiente proviene de que estos vertidos contienen cantidades importantes de 
diversas de sustancias químicas utilizadas comercialmente o en procesos industriales.  
Los compuestos seleccionados en este trabajo, 1,3-dicloro-2-propanol (1,3-DCP) y 3-
monocloro-1,2-propanodiol (3-MCPD), resultan de gran interés desde el punto de vista 
analítico, ya que pertenecen a un grupo de contaminantes emergentes denominado 
cloropropanoles, utilizados en diversos procesos industriales, para la producción de lacas, 
de productos farmacéuticos, de resinas que se utilizan en el blanqueamiento del papel y 
también pueden formarse en los procesos de cloración del agua. Como resultado de estas 
acciones, los cloropropanoles pueden llegar al medio acuático.  
Su presencia en aguas de distinta procedencia e incluso en gran cantidad de alimentos 
procesados, puede dar lugar a una considerable exposición al contaminante, con sus 
posibles efectos toxicológicos. Esta situación conduce al establecimiento de unos límites 
máximos o al menos a la iniciación de programas para evaluar riesgos ambientales y de 
salud pública. La Comisión del Código Alimentario recomendó clasificar los 
cloropropanoles como carcinógenos genotóxicos. Pero, hasta el momento, sólo Austria ha 
establecido un límite de 10 µg L-1 para 1,3-DCP en aguas, como concentración tolerable e 
indicador de calidad.  
La meta principal de este estudio ha sido proponer una metodología analítica sencilla 
y rápida, la extracción en fase sólida (SPE), que permita la determinación simultánea de 
los analitos en muestras de agua. El análisis de las muestras se llevó a cabo mediante 
cromatografía de gases acoplada con espectrometría de masas. 
En este trabajo también se investigaron las condiciones óptimas de derivatización del 
proceso para dos agentes derivatizantes (HFBI y BSTFA), se comprobó que la señal 
cromatográfica de los analitos derivatizados con BSTFA se mantenía estable con el 
tiempo, mientras que con HFBI ésta decrecía con el paso de los días. La optimización de 
la SPE se llevó a cabo mediante un diseño central compuesto para determinar la 
influencia del tiempo de derivatización, temperatura de derivatización y volumen de 
agente derivatizante. La función de deseabilidad global se usó para la optimización 
multirrespuesta. Durante el proceso de extracción, se analizaron cuatro cartuchos 
diferentes de extracción en fase sólida, obteniéndose los mejores resultados de 
recuperación de los analitos cuando se empleaban cartuchos Oasis HLB. El pH y el efecto 




















El pH de la muestra afecta al equilibrio de disociación de los analitos en medio 
acuoso. La extracción es más eficaz si los analitos están sin disociar, como ocurre en los 
procesos de extracción líquido-líquido y extracción en fase sólida (SPE). 
Muchos de los compuestos con los que se trabaja en los procesos de extracción son 






















• 3 mL AcEt
• 3 mL MeOH
• 3 mL agua acidificada a pH 2
Concentración a 0,5 mL 
Derivatización: 55 µL BSTFA
Elución: 2 mL AcEt
Secado del cartucho con 
corriente de nitrógeno 
durante 30 min
Lavado: 2 mL agua
Muestra:
10 mL a la cual se le añaden





si están ionizadas o en forma molecular. La especie neutra es soluble en disolventes 
orgánicos no polares, mientras que la forma iónica lo es en disolventes polares (por 
ejemplo agua). Estas dos formas pueden interconvertirse si se modifica el pH del medio. 
Para investigar la influencia del pH en la eficacia de la extracción se han estudiado 3 
valores de pH. Sin embargo, Hamlet y col. [Hamlet, 2004] en su estudio sobre la 
formación de cloropropanoles en productos de alimentación investigaron el efecto de la 
variación del pH y llegaron a la conclusión de que los diferentes pH no afectaban a la 
extracción de los analitos. 
El efecto salino no es parámetro típico a estudiar en la SPE, sin embargo varios 
autores como Schuhmacher y col. [Schuhmacher, 2005], en el desarrollo y validación de 
un método analítico para la determinación de 1,3-DCP en agua de río, evaluaron el efecto 
del sulfato amónico en la recuperación del 1,3-DCP. Hamlet [Hamlet, 2004], Huang 
[Huang, 2005], Spyres [Spyres, 1993], Matthew [Matthew, 2000] entre otros también han 
utilizado NaCl para mejorar la eficacia de la extracción de cloropropanoles con la fase 
Extrelut. La adición de sales (NaCl, KCl, Na2SO4) a muestras acuosas provoca un 
aumento de la fuerza iónica de la disolución de muestra, tendiendo las moléculas de agua 
a solvatar a los iones presentes en la muestra y no a las moléculas neutras de los analitos 
[Cela, 2002]. Se produce, por tanto, una disminución de la solubilidad de los analitos en 
agua, forzando su paso a otras fases del sistema originando un incremento de sensibilidad. 
El método propuesto permitió la determinación simultánea de 1,3-DCP y 3-MCPD a 
niveles traza en muestras de agua. El método proporcionó alta sensibilidad, buena 
linealidad (R2 ≥ 0,999) y reproducibilidad (%RSD por debajo de 3,5 %) y recuperaciones 
satisfactorias, alrededor del 100 %. Los límites de detección y cuantificación obtenidos 
permiten el análisis de los cloropropanoles por debajo de los niveles máximos de la 
legislación vigente. El método se aplicó con éxito al análisis de diferentes muestras de 
agua, incluyendo agua mineral embotellada, agua de grifo y afluentes y efluentes de 











SOLID-PHASE EXTRACTION AND GAS CHROMATOGRAPHY-MASS 
SPECTROMETRY METHOD FOR THE ANALYSIS OF CHLOROPROPANOLS 





A sensitive and rapid derivatization method for the simultaneous determination of 
1,3-dichloro-2-propanol (1,3-DCP) and 3-chloropropane-1,2-diol (3-MCPD) in water 
samples has been developed. The aim was to research the optimal conditions of the 
derivatization process for two selected reagents. A central composite design was used to 
determine the influence of derivatization time, derivatization temperature and reagent 
volume. A global desirability function was applied for multi-response optimization. The 
analysis was performed by gas chromatography–mass spectrometry. During the 
optimization of the extraction procedure, four different types of solid-phase extraction 
(SPE) columns were tested. It was demonstrated that the Oasis HLB cartridge produced 
the best recoveries of the target analytes. The pH value and the salinity were investigated 
using a Doehlert design. The best results for the SPE of both analytes were obtained with 
1.5 g of NaCl and pH 6. The proposed method provides high sensitivity, good linearity 
(R2 ≥ 0.999) and repeatability (relative standard deviations % between 2.9 and 3.4%). 
Limits of detection and quantification were in the range of 1.4–11.2 ng mL-1 and 4.8–34.5 
ng mL-1, respectively. Recoveries obtained for water samples were ca. 100% for 1,3-DCP 
and 3-MCPD. The method has been successfully applied to the analysis of different 
samples including commercially bottled water, an influent and effluent sewage. 
 
Abbreviations: AcEt, ethyl acetate; BSTFA, N,O-bis(trimethylsisyl)trifluoroacetamide; 
CCD, central composite designs; CIC, Carcinogen Identification Committee; 1,3-DCP, 
1,3-dichloro-2-propanol; EI, electron impact; FDA, Food and Drug Administration; 
HFBA, heptafluorobutyric anhydride; HFBI, heptafluorobutyrylimidazole; HF-LPME, 
hollow fiber-protected liquid-phase microextraction; HVP, hydrolyzed vegetable protein; 
IS, internal standard; LLE, Liquid–liquid extraction; 3-MCPD, 3-chloropropane-1,2-
diol; MTSTFA, N-methyl-N-(trimethylsilyl)-trifluoroacetamide; PBA, phenylboronic 
acid; RSM, Response Surface Methodology; SIM, selected ion monitoring; SPE, solid-
phase extraction; SPME, solid-phase microextraction; TDI, tolerable daily intake; 







3-chloropropane-1,2-diol (3-MCPD), together with 1,3-dichloro-2-propanol (1,3-
DCP), are the best-known components of a group of contaminants called chloropropanols 
[1]. The occurrence of chloropropanols in foodstuffs, drinking water and food contact 
materials has aroused considerable concern about food safety in recent years [2]
Both chloropropanols are halohydrins widely used as solvents and as starting 
materials for resins, polymers, agrochemicals and pharmaceuticals [3]. In particular, 
polyamidoamine-epichlorohydrin resins were the first commercially important 
thermosetting products for use in neutral-to-alkaline furnishes for the manufacture of wet-
strength paper. 1,3-DCP release into the aquatic environment can occur via numerous 
waste streams. For instance, 1,3-DCP can enter natural waters as a consequence of the use 
of epichlorohydrin [4] for the production of wet-strength resins, chlorine bleaching of 
paper pulps, or as a contaminant of polyamine flocculants used in the treatment of 
drinking water. Moreover, 1,3-DCP has also been identified in drinking water samples 
after chlorination [5]. 
The Carcinogen Identification Committee (CIC) determined that both 1,3-DCP and 
3.MCPD have been clearly shown to cause cancer; and therefore were added to the 
Proposition 65 chemical list effective October 8, 2010. Chloropropanols have also been 
shown to induce hepatic necrosis, whereas 3-MCPD has been reported to cause male 
infertility in rats and other species [6].  
The Food Chemicals Codex and Food and Drug Administration (FDA) set a limit of 
0.05 mg 1,3-DCP kg-1 and 1 mg 3-MCPD kg-1 (dry basis) in acid-HVP(acid-hydrolyzed 
vegetable protein) used in foods [7] The European Commission Regulation EC No. 
466/2002 sets the tolerable daily intake (TDI) at 2 µg kg−1 bodyweight of 3-MCPD and a 
legal limit of 0.02 mg 1,3-DCP kg-1 in acid-HVP and soy sauce. The German consumer 
protection authorities have initiated studies on the presence of chloropropanols in food 
samples and on the bioavailability and metabolization of these contaminants [4]. The 
Austrian Ministry of Agriculture and Forestry, Environment and Water Management, has 
put 1,3-DCP on a list of environmental contaminants to be monitored in Austrian river 
water with a maximum tolerable concentration of 10 µgL-1  [5].  
The physical characteristics of chloropropanols complicate direct analysis by gas 
chromatography (GC) [8]. The low volatility and high polarity give rise to unfavorable 
interactions with components of the GC system that result in a poor peak shape and a low 
sensitivity [8]. The direct capillary electrophoresis (CE) method with electrochemical 
detection appears to be insufficient to control the maximum levels of chloropropanols [9]. 
These methods applying underivatized analytes are not suitable for the analysis of low 
microgram per kilo levels in foodstuffs and water [10].  
The most common derivatization reactions that give adequate sensitivity and 
selectivity to gas chromatography-mass spectrometry (GC-MS) methods, include 
heptafluorobutyrylimidazole (HFBI) [8, 11-13] or heptafluorobutyric anhydride (HFBA) 
[14, 15], phenylboronic acid (PBA) [13, 14], 1-trimethylsilylimidazole (TSIM) [16] N-
methyl-N-(trimethylsilyl)-trifluoroacetamide (MTSTFA) [17] and N,O-






Liquid–liquid extraction (LLE) [8, 14], solid-phase extraction (SPE) using silica gel 
[19] or diatomaceous earth (Extrelut) [1, 20-22] and solid-phase microextraction (SPME) 
[5, 13, 23, 24], are the most commonly used techniques for the separation or 
preconcentration of chloropropanols in liquid samples. Therefore, hollow fiber-protected 
liquid-phase microextraction (HF-LPME) was developed [25]. However, the method 
based on extraction into a saline solution and then partitioned into diethyl ether using SPE 
with Extrelut was considered fit for the purpose of extracting  chloropropanols from food 
matrices and has been adopted by AOAC International as AOAC Official Method 
2000.01, as well as by the European standardization body as European norm EN 14573 
[26]. LLE and SPE procedures using Extrelut have some drawbacks in that they are time-
consuming and require high volumes of solvent  [1, 2, 14, 20-22]. That is the reason why 
they have been replaced with faster and more user-friendly protocols. The aim of this 
study was the development, optimization and validation of a simple, sensitive and rapid 
method, based on SPE commercially available cartridges, for the quantitative and 
selective determination of 3-MCPD and1,3-DCP from water samples using GC-MS 
detection. 
The derivatization reaction was first optimized using central composite designs 
(CCD) for two derivatization reagents, HFBI and BSTFA with 1% TMCS, considering 
reagent volume and derivatization temperature and time. Then, once the SPE column and 
the eluting volume were selected, a Doehlert design was carried out in order to optimize 
extraction conditions of SPE, such as pH and the salting out effect. The desirability 
function approach was employed to optimize the responses of the analytes. Once the best 
working conditions had been selected, the performance of the method was established and 





Reagents and materials 
 
Chemicals and reagents were supplied as follows: 1,3-dichloro-2-propanol, 98% by 
Sigma-Aldrich (Steinheim, Germany); 3-chloropropane-1,2-diol, 98 % by Sigma-Aldrich 
(Steinheim, Germany); 1,3-dichloro-2-propanol -d5 (1,3-DCP-d5) (98.8% atom % D) and 
3-chloropropane-1,2-diol-d5-diol (3-MCPD-d5) (99,4 % D) used as internal standards (IS) 
by C/D/N Isotopes (Pointe-Claire, Quebec, Canada); N,O-
bis(trimethylsisyl)trifluoroacetamide : Trimethylchlorosilane (BSTFA:TMCS) 99:1 by 
Supelco (Bellefonte, PA, USA); N-Hemtafluorobutirilimizadole (HFBI), 97 % by Sigma-
Aldrich (Steinheim, Germany); Ultrapure water was processed using a Milli-Q UV plus 
system (Millipore, Bedford, MA, USA).; Ethyl Acetate (Chromanorm) and Hydrochloric 
Acid 36%  (Normapor) were supplied by VWR-Prolabo (Mollet del Vallés, Barcelona, 
Spain); Sodium Chloride 99.8% (Normapor) was obtained from Analar.  
Commercially available cartridges, Oasis HLB 60 mg, Oasis WCX 60 mg, Oasis 






Standard solutions and samples  
 
Stock standard solutions were prepared by dissolving an appropriate amount of 
analytes in ethyl acetate to achieve a concentration of 9,000 µg mL-1, or in ultrapure water 
to achieve a concentration of 11,000 µg mL-1. Stock solution in ethyl acetate was stored at 
-20 ºC. Stock solution in ultrapure water was stored at 4ºC. The working standard 
solutions were prepared by diluting the stock solutions as required in ethyl acetate or 
ultrapure water and stored at 4 ºC until analysis. 
Sewage water samples were collected from a paper mill plant in Galicia (NW Spain). 
Besides river waters from a collection site close to an urban and rural centre in Galicia, 
tap water and different commercially available bottled waters from local suppliers were 
also considered in this study. After collection, water samples were placed in 250-mL 
brown glass bottles and stored at 6 ºC until analysis. Immediately before analysis, 10 mL 
of the cooled water sample was withdrawn. Afterwards, 1,5 g NaCl was added. 
The water samples were spiked with different amounts of working standard solutions 





GC separation was performed using an Agilent (Wilmington, DE, USA) 7890A gas 
chromatograph coupled to a quadrupole mass spectrometer (Agilent MS 5975C), operated 
in the selected ion monitoring (SIM) mode. The capillary column used was a HP-5MS, 30 
m in length, 0.25 mm inside diameter, and 0.25 µm film thickness, supplied by Agilent. 
Helium (99.999%) was used as the carrier gas at a constant flow rate of 1.2 mL min−1. 
The GC oven was programmed as follows: 50 ºC (kept for 2 min), increased at a rate of 3 
°C min-1 to 100°C, finally from 100 to 280 ºC at a rate of 40º C min-1 (kept for 10 min). 
The mass spectrometer was operated in electron impact (EI), 70 eV of ion energy, with 
a10 min solvent delay. Temperatures of the interface, EI ionization source and the 
quadrupole mass analyzer were set at 280 ºC, 230°C and 150 °C, respectively. Standards 
and sample extracts were injected in the splitless mode (splitless time 1.2 min), with the 
injector port at 280 °C. Retention times and m/z ratios of selected ions for each 
















Table 1. Retention times (tR), target ion and qualifier ions for the chloropropanols 
studied  by GC-MS. Parameters  depends on the derivatization reagent used. 
 
    Derivatizant reagent 
  BSTFA HFBI 









1,3-DCP-TMS 11,774 151 93, 185 275 75, 110 
d5-1,3-DCP-TMS 11,629 154 93, 190 278 79, 116 
3-MCPD-TMS 17,393 116 239 253 75, 289 




Solid phase extraction 
 
The following procedure was applied: conditioning of Oasis HLB 60 mg cartridges 
with 3 mL ethyl acetate, 3 mL of MeOH and 3 mL of ultrapure water (pH 2), sampling 
loading (10 mL of water sample pH 6, with 1.5 g NaCl), washing of the SPE columns 
with 2 mL of ultrapure water, vacuum dried for 10 min, elution of chloropropanols with 2 
mL of ethyl acetate (AcEt).  
Other SPE cartridges were evaluated as follows: 
(i) Oasis MCX 60mg cartridges were conditioned with 3 mL of MeOH and 3 mL of 
pH 4-5 ultrapure water. Then, 10 mL of the sample (adjusted to pH 4-5) were percolated 
at ca. 5 mL min-1, and the cartridges were sequentially washed with 1 mL of pH 4-5 
ultrapure water and 1 mL of MeOH and vacuum dried for 10 min. Chloropropanols were 
eluted with 3 mL of MeOH containing 5% NH3. Then, the eluate was blown down with a 
gentle stream of nitrogen, reconstituted in 500 µL of AcEt 
(ii) Oasis WCX 60 mg cartridges were conditioned with 3 mL of MeOH and 3 mL of 
ultrapure water. Then, 10 mL of the sample (adjusted to pH 2) were percolated at ca. 5 
mL min-1, and the cartridges were sequentially washed with 1 mL of NH4OH and vacuum 
dried for 10 min. Chloropropanols were eluted with 3 mL of MeOH containing 2% 
formic acid. The eluate was blown down with a gentle stream of nitrogen, reconstituted in 
500 µL of AcEt. 
(iii) Sek-Pak light NH2 cartridges were conditioned with 3 mL AcEt, 3 mL of MeOH 
and 3 mL of pH 2 MilliQ water. Next, 10 mL of the sample were percolated at ca. 5 mL 
min-1, and the cartridges were sequentially washed with 2 mL of ultrapure water and 
vacuum dried for 10 min. Finally, chloropropanols were eluted with 2 mL of AcEt.  
Finally, the extracted chloropropanols were derivatized by the addition of 55 µL of 
BSTFA, heated at 60 ºC for 70 min, cooled, evaporation to 0.5 mL under a gentle stream 









Experimental designs were applied to determine, in an efficient, informative way, the 
set of experimental conditions required to obtain a product or process with desirable and 
optimal characteristics [27]. Response Surface Methodology (RSM) was selected for the 
present study to evaluate derivatization reactions and maximize SPE efficiency. 
In all cases, a second order polynomial model was fitted for each chloropropanol 
response, resulting in an equation (1):  
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where xi is the coded value of the factors studied and y is the response function (peak 
area) obtained for each analyte. The b values are the estimated polynomial coefficients: b0 
is the intercept term, the bi coefficients represent the main effect for each variable, the bii 
coefficients in the quadratic terms are responsible for the curvature effects and the bij(i≠j) 
coefficients describe the interaction effects. The response values obtained were used to 
estimate the model coefficients bi through the multi-linear regression by the least square 
method. The validation of the model was carried out by an analysis of variance 
(ANOVA). A multicriteria decision making procedure using desirability functions based 
on partial Derringer functions was used for procedure optimization [28]. The analyte 
responses were transformed using a dimensionless desirability (di) scale, which ranged 
between d=0 for a completely undesirable response to d=1 for a fully desired response, 
without additional experiments. Non-linear left unilateral desirability functions were 
required to maximize the efficiency of each response. The overall desirability (D) was 
obtained by combining the individual desirability functions (di) of all the response 
variables as the geometric mean. The experimental designs were generated and all 




5.2.3.- RESULTS AND DISCUSSION 
 
Optimization of derivatization reactions 
 
BSTFA and HFBI were tested in 500 ng mL-1 of the mixture solution of 
chloropropanols. A central composite design was applied to each of the reagents in order 
to determine the reagent volume, time and temperature required for the reaction to take 
place under optimal conditions and with a minimum number of experiments. This CCD 
design consisted of a 23 factorial design plus 6 axial points (α=1.682), in addition to two 
central points, and involved 16 experiments randomly selected in order to minimize the 
effect of systematic errors [24]. Thus, five levels of derivatization temperatures (25, 39, 







14, 28, 41 and 50 min for HFBI) and reagent volumes (10, 28, 55, 82, and 100 µL) were 
evaluated. The intervals for every factor were chosen according to preliminary 
experiments.  
The estimates of the coefficients for the models of each response were calculated by 
least squares linear regression and these models were analyzed and validated by the 
analysis of variance (ANOVA). When BSTFA was considered as the derivatization 
reagent, ANOVA regression showed that only the quadratic term b33 (associated with 
derivatization reagent volume) of the model was statistically significant at a significance 
level of 5% for 1,3-DCP. The application of response surface methodology revealed the 
tendency of the chloropropanols, where the highest values of the response were obtained 
when the factors studied were at mean values. 
When HFBI was used, ANOVA regression showed statistical significance for both 
1,3-DCP (p <0.01) and for 3-MCPD (p <0.05). The quadratic terms b11 (associated with 
temperature) and b33 (associated with derivatization reagent volume) were statistically 
significant with a significance level of α <0.001, while b22 (associated with time) was 
statistically significant for (p <0.05), for 1,3-DCP. In the case of 3-MCPD, the quadratic 
terms (b11) and (b33) were also statistically significant with a 99% significance level. The 
best responses were obtained at a medium level of the three factors.  
To find the optimal compromise conditions of the three variables, a global 
desirability function was used. Three-dimensional plots of the global desirability obtained 
are shown in Fig. 1. The regions in red correspond to optimum values for D, where 
desirability was close to 1, while the regions in grey correspond to null values for D when 
level factors are not suitable to be chosen. The 3D desirability (D) plot as a function of 
temperature and BSTFA volume, with a fixed derivatization time (70 min) is shown in 
Fig. 1A. A similar response surface of D, as a function of time and HFBI volume, keeping 
fixed derivatization temperature (60ºC) is shown in Fig. 1B. The optimal conditions 
included a temperature of 60 ºC for both derivatization reagents; 70 min of derivatization 
time with 55 µL of BSTFA and 24 min of derivatization time with 80 µL of HFBI.  
Once the derivatization reaction was optimized, a study of stability over time for the 
derivatized chloropropanols with both reagents (BSTFA, HFBI) was carried out. The 
compounds derivatized by BSTFA were stable at room temperature for six hours before 
injection, however, the chromatographic signal decreased over time for the compounds 
when HFBI was used as the derivatization reagent. Moreover, in order to study the 
stability on consecutive days, the vials containing the derivatized analytes were kept in 
the freezer at -10 ° C. As shown in Fig. 2, the chromatographic signal remains constant 
when BSTFA was used as the derivatization reagent during the study period, while for 
HFBI the signal showed a daily decrease. Therefore, BSTFA was the derivatizing reagent 








Figure 1: Response surfaces of global desirability obtained: for BSTFA 
derivatization (A) and HFBI derivatization (B), both studies carried out by CCD; 















Optimization of the SPE 
 
The efficiency of SPE extractions and the purity of the final extracts depended on the 
type of phase, nature and volume of the elution solvent, sample amount, pH and salting 
out effect. Preliminary investigations were performed to choose the SPE phase. Different 
commercial SPE cartridges were selected on the basis of the literature on SPE extractions 
of polar compounds with different preconditioning protocols and retention-cleanup-
elution strategies, usually necessary to obtain reproducible results 
https://www.waters.com/webassets/cms/library/docs/oasis210.pdf, 
http://www.instrument.com.cn/Quotation/Manual/1089693.pdf ). 
The eluates resulting from all of the above-mentioned SPE protocols were transferred 
to a vial for GC-MS determination. Triplicate analyses were performed for each data 
point in all experiments (the results are included as electronic supporting information). 
Oasis HLB provided the most efficient extraction for 1,3-DCP while results obtained for 
3-MCPD by Oasis MCX or HLB were similar. Oasis HLB was the method of choice for 
carrying out the simultaneous SPE of chloropropanols in this work, based on their 
characteristics in extraction capacity [29]. In order to achieve a satisfactory extraction, 























































elution volume because similar extraction efficiency was obtained for any of the solvent 
volumes examined. 
The values of other significant variables (amount of NaCl and sample pH) were 
optimized in order to achieve the best response. Therefore, RSM was applied to explore 
the region of interest of the defined factors. In order to evaluate the broader effects of 
these factors a Doehlert design was chosen because it offers a uniform distribution of 
points in the spherical space of experimental response. The above-mentioned uniformity 
of the distribution describes a geometric figure (in the case of two variables a hexagon 
takes place), in that five levels are assigned to the first variable, amount of NaCl (0, 0.5, 
1, 1.5, 2 g) and three to the second variable, pH (2, 4, 6). This design involved 9 
experiments, including three central points, randomly performed to provide protection 
against the effects of lurking variables [28]. The model coefficients were calculated by 
backward multiple regression and validated by ANOVA. Only regression for 1,3-DCP 
extraction was statistically significant (p<0.05). In addition, amount of NaCl (p <0.05) 
and pH (p <0.01) were also statistically significant. The amount of NaCl showed a 
positive effect on the extraction of both chloropropanols. High levels of pH provided 
good responses for 1,3-DCP while any pH value could lead to high extraction efficiency 
for 3-MCPD. To obtain the most favorable conditions for the SPE of both compounds, the 
global desirability function has been applied. The maximum D value obtained was 1.0 for 
pH 6 and 1.5 g of NaCl (Fig. 1C).  
The breakthrough volume is another important parameter to consider in the SPE. In 
this work, the influence of the sample volume in the recovery of the analytes has been 
studied. Five different sample sizes (10, 20, 50, 100 and 250 mL) were tested. Constant 
values have been obtained at different sample sizes for the SPE of both chloropropanols. 
Therefore, in order to shorten the time the analysis would take, 10 mL was selected to 
carry out the SPE since this amount provided sufficient sensitivity to ensure the reliable 




SPE GC-MS performance 
 
A validation protocol of the optimized procedure was carried out in order to establish 
the performance of the method, ensuring the adequate identification, confirmation and 
quantification of the compounds. Several parameters such us linearity, inter-day precision 
(reproducibility), trueness (expressed as recovery), limits of detection (LODs) and 
quantification (LOQs) were studied. Concentration ranges of 5 to 53 ng mL-1 for 1,3-DCP 
and 34 to 216 ng mL-1 for 3-MCPD were used. Five calibration levels and three replicates 
per level, considering the area of the peaks relative to internal standards, using 
isotopically labeled analogues as surrogate standards were carried out. Concentration of 
the IS along the calibration curve was maintained constant at 30 ng mL-1 for d5-1,3-DCP 
and 100 ng mL-1 for d5-3-MCPD. Detector response was found to be linear in the range of 
concentrations studied, with determination coefficients (R2) of 0.999 for both 






procedure were calculated for S/Ns of 3 and 10, respectively following European norm 
EN 14573 [26] and Eurachem recommendations [30] (http://www.eurachem.org/. LOD 
and LOQ were 1.4 and 4.8 ng mL-1 for 1,3-DPC and 11.2 and 34.5 ng mL-1 for 3-MCPD, 
respectively. In order to evaluate the reproducibility of the proposed method, five 
independent analyses were performed using spiked water samples at two concentration 
levels (10 and 50 ng mL-1 for 1,3-DCP and 50 and 200 ng mL-1 for 3-MCPD). The results 
showed low relative standard deviations (RSD%) of 3.4 and 2.3 % for 10 and 50 ng g-1, 
respectively for 1,3-DCP and 2.9 and 0,4 % for 50 and 200 ng mL-1, respectively for 3-
MCPD. Finally, the recovery of the method was evaluated. Due to the possible matrix 
effect, quantitative measurements in real samples normally require applying the standard 
addition method. For this reason, three replicates of influent and effluent sewage water 
from a paper mill plant, two river water, three commercially bottled water and one tap 
water samples were analyzed using the standard addition method and IS at two 
concentration levels (30 ng mL-1 for 1,3-DCP and 100 ng mL-1 for 3-MCPD). Trueness 
was estimated in terms of recovery by evaluating two different concentration levels (10 
ng mL-1 for 1,3-DCP and 50 ng mL-1 for 3-MCPD). Four blank water samples were 
processed at each fortification level. Recoveries (Table 2) were in the range 99-104% 
for1,3-DCP and 98-104% for 3-MCPD.  
 
Table 2. Extraction recoveries (n=5 replicates) in fortified real water samples by 
SPE-GC-MS using the standard addition method and internal standard (n=4). 
Results of the determination of 1,3-DCP-TMS in water samples (n=4 replicates). 
 
Sample 1,3-DCP-TMS  
(spiked conc. 10 ng 
mL-1) 
3-MCPD-TMS 





Samples    
 (concentration, ng 






bottled water 104 2.9 104 2.1 n.d. 
Tap water 101 2.1 101 3.4 n.d. 
Influent sewage 
water sample 
from a paper mill 
plant 
102 0.6 101 1.5 58 ± 1 
Effluent sewage 
water sample 
from a paper mill 
plant 
103 0.5 103 1.6 96 ± 0.1 
River water from 
rural zone 99 3.7 98 2.4 5,9  ± 0.3 
River water from 
urban zone - - - - 122 ± 0.2 
 





Application to water samples 
 
To further demonstrate the utility and performance of the proposed methodology, 
water samples were obtained from different origins and analyzed in quadruplicate and 
quantification was accomplished using the standard addition method. All samples were 
first filtered using cellulose ester membrane filters (HAWP, 47 mm, 0.45 lm; Millipore). 
The samples evaluated included a commercially bottled water, an influent and effluent 
sewage sample from a paper mill plant, two river water samples and one tap water 
sample. However, only in four of these six samples (influent and effluent sewage and 
river waters) was 1,3-DCP positively detected at concentration levels higher than LOQ 
(table 2). In three cases, the results were higher than the limit of the legislation for water 
samples [5]. Fig. 3 shows the SIM chromatograms (Fig.3A) and the corresponding 
spectrum for 1,3-DCP-TMS (Fig. 3B) positive water samples analyzed by the proposed 
method.1,3-DCP concentrations from Galician river water reported in Table 2 are 
significantly higher than those measured for the same matrix in Austria (most of the river 
water samples analyzed contained 1,3-DCP concentrations of less than 0.1 ng mL-1) [5]. 
This could be due to the fact that sampling in this study was carried out in summer when 
rainfall is low, favoring the concentration of pollutants. According to these results, 1,3-
DCP was also detected in similar river water at lower levels (5 ng mL-1) in winter [23]. 
As shown in Table 2, positive sewage water samples from a paper mill plant were found 
in this study. Regarding values, 1,3-DCP levels ranging from 58 to 96 ng mL-1 were one 
order of magnitude higher than those determined for the same compound measured by 
Carro et al. (3.5 ng mL-1) [24]. The highest values of 1,3-DCP were observed in the 
effluent sewage water sample and they were greater than in the influent sewage water 
sample. This result suggests that the purification system used in the paper mill plant has 





A new method has been developed for the extraction of two chloropropanols, 1,3-
DCP and 3-MCPD, based on SPE followed by GC-MS. A derivatization stage using 
BSTFA or HFBI was performed before the chromatographic determination of the 
analytes. BSTFA demonstrated a greater stability over time than HFBI. The use of 
commercially available SPE cartridges such as Oasis HLB allows a reduction in time, 
solvent volume and sample size versus the typical SPE techniques based on Extrelut and 
could be a suitable alternative to those methods reported previously. Experimental design 
demonstrated that it is a rapid and useful tool to optimize operational conditions. The 
proposed analytical method has been validated allowing a reliable determination of 1,3-
DCP and 3-MCPD at trace levels in water samples. Good linearity, inter-day precision 
(RSD% under 3.5%) and satisfactory recoveries around 100% were obtained. The LODs 
and LOQs achieved allow an analysis of these chloropropanols with adequate results at 
concentrations lower than the maximum levels set by the current legislation. For the 






programs to evaluate low levels of these contaminants in the framework of the European 
legislation.  
The results of the monitoring study do not show evidence of 3-MCPD in water. 
However, some samples of water from different origins have concentrations of 1,3-DCP, 




















Figure 3. SPE- GC-MS ion chromatograms (A) and the corresponding spectrum of 
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5.3.- MICROEXTRACCIÓN LÍQUIDO-LÍQUIDO DISPERSIVA ASISTIDA 
POR ULTRASONIDOS CON DERIVATIZACIÓN SIMULTÁNEA PARA LA 
DETEMINACIÓN DE CLOROPROPANOLES EN LECHE DE SOJA Y OTRAS 
MATRICES ACUOSAS COMBINADA CON CROMATOGRAFÍA DE GASES-
ESPECTROMETRÍA DE MASAS 
 
 
El cloropropanol más abundante en los alimentos es 3-monocloropropano-1,2-diol 
(3-MCPD) y a un nivel inferior también 1,3-dicloro-2-propanol (1,3-DCP) y han sido el 
centro de atención de científicos al ser considerados cancerígenos. Los isómeros de estos 
compuestos (2-MCPD y 2,3-DCP) por lo general son encontrados en concentraciones 
inferiores que 3-MCPD y 1,3-DCP. Los cloropropanoles se pueden encontrar en gran 
cantidad de productos alimenticios y son difíciles de evitar en nuestra alimentación. La 
presencia de cloropropanoles en el ácido de la proteína vegetal hidrolizada (HVP) y 
productos relacionados, como la salsa de soja, alimentos procesados, agua potable y 
materiales en contacto con los alimentos ha despertado una preocupación considerable 
por la seguridad alimentaria en los últimos años. 
La baja concentración de los cloropropanoles en los alimentos y la gran complejidad 
de las matrices, hacen inevitables las etapas de concentración de los analitos y limpieza 
de la muestra para la determinación de estos compuestos. 
En los últimos años, la microextracción líquido-líquido dispersiva (DLLME) ha sido 
aplicada en la química analítica satisfactoriamente. La microextracción líquido-líquido 
dispersiva es un tipo de extracción miniaturizada que integra en una única etapa la 
extracción y concentración de los analitos. Algunas de las ventajas más destacadas de la 
técnica son su simplicidad, rapidez, bajo coste, consumo reducido de muestra y 
disolventes orgánicos, versatilidad, buenas recuperaciones y factores de concentración 
altos. En este trabajo, se ha desarrollado una novedosa y rápida microextracción líquido-
líquido dispersiva asistida por microondas (UA-DLLME), y con la etapa de 
derivatización integrada en la etapa de extracción para la determinación de 
cloropropanoles en distintas muestras acuosas. El principal objetivo de este trabajo fue 
simplificar la etapa de extracción, reducir la cantidad de muestras y el consumo de 
disolventes y mejorar la sensibilidad. Las condiciones operacionales tales como, tipo y 
volumen de agente derivatizante, volumen de disolvente extractante y dispersante, 
temperatura del baño de ultrasonidos y la adición de sal, se han optimizado utilizando un 
diseño de experimentos tipo Doehlert (muestras de agua y zumos de frutas) o un diseño 
central compuesto (muestras de leche y leche de soja).  La extracción-derivatización y 
preconcentración se llevó a cabo simultáneamente utilizando acetonitrilo como disolvente 
dispersante, N-heptafluorobutirilimizadol (HFBI) como agente derivatizante y cloroformo 
como agente extractante. En las figuras III.3. y figura III.4. se muestran los esquemas de 
extracción con las condiciones optimizadas para las distintas muestras. Se evaluó el 
rendimiento del método de acuerdo al Reglamento de la Comisión de la CE para los 
cloropropanoles en productos alimenticios, en ambos casos se ha aplicado con éxito al 

















Figura III.4.- Esquema de extracción de cloropropanoles en leche y leche de soja 
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En este trabajo se ha desarrollado en un solo paso, la extracción mediante UA-
DLLME y derivatización, seguida del análisis por GC-MS y GC-MS/MS y aplicado 
satisfactoriamente a la determinación de cloropropanoles en muestras líquidas: agua, 
zumos de frutas, leche, leche de soja y bebidas de soja. El rango de concentraciones fue 
investigado detalladamente para cada analito, obteniéndose buena linealidad con valores 
de R2 entre 0.9990 y 0.9999. Los límites de detección obtenidos fueron: 0.2-1.8 µg mL-1 
(aguas), 0.5-15 µg mL-1 (zumos de frutas),0.9-3.6 µg Kg-1 (leche) y 0.1-1.0 µg Kg-1 (leche 
de soja). El método se aplicó a una gran variedad de muestras, obteniéndose 
recuperaciones de 98-101 % para agua, 97-102 % para zumos, 99-103 % para leche y 97-
105 % para leche soja. La desviación estándar relativa, RDS, (precisión, n=6) varió entre 
1,3 y 4,9% en agua,  2,3 y 5,8% en zumos, 1,0 y 5,7% en leche y 3,9 y 9,3% RSD en 
leche de soja. Se calcularon los valores de recuperación en cuatro réplicas y los resultados 
estaban en el rango de 97-105%. 
El método propuesto es capaz de realizar la extracción de los analitos en bajos 
volúmenes de muestra (entre 1 y 10 mL) con pequeños volúmenes de disolvente de 
extracción (entre 60 y 100 µL). Además, el método permite ahorrar tiempo porque la UA-
DLLME mejora la eficiencia de extracción en un solo paso (15 min), incluyendo 
extracción, derivatización y preconcentración de los analitos. 
Las muestras reales evaluadas incluyeron para el agua: agua mineral embotellada, 
una muestra de agua del grifo, un afluente y efluente de aguas residuales de una planta de 
la fábrica de papel, un afluente y efluente de una EDAR de la zona urbana, un agua de río 
urbano y un río rural; para los zumos de frutas: zumo de naranja, manzana y piña; seis 
muestras comerciales de leche descremada pasteurizada y diez muestras de leche de soja  
y dos bebidas de soja. Se hallaron trazas de 3-MCPD en nueve muestras de leche de soja, 
siete de ellas en concentraciones superiores al límite establecido para salsas de soja y 
productos relacionados (20 µg Kg-1). Además, se encontraron evidencias de 2,3-DCP en 






SIMULTANEOUS DERIVATIZATION AND ULTRASOUND-ASSISTED 
DISPERSIVE LIQUID–LIQUID MICROEXTRACTION OF 
CHLOROPROPANOLS IN SOY MILK AND OTHER AQUEOUS MATRICES 





A novel approach involving ultrasound-assisted dispersive liquid–liquid  
microextraction (UA-DLLME) and derivatization combined with gas chromatography–
mass spectrometry was developed for the determination of chloropropanols in water and 
beverages. UA-DLLME was optimized as less solvent consuming and cost-effective 
extraction method for water, fruit juice, milk and soy milk samples. The effect of 
parameters such as the type and volume of extraction solvent, the type and volume of 
dispersive solvent, amount of derivatization agent, temperature, pH of sample and ionic 
strength was investigated and optimized for each specimen, using experimental designs. 
By adding acetonitrile as dispersive solvent, N-heptafluorobutyrylimizadole (HFBI) as 
derivatization agent and chloroform as extraction solvent, the extraction-derivatization 
and preconcentration were simultaneously performed. The analytical concentration range 
was investigated in detail for each analyte in the different samples, obtaining linearity 
between 0.9990 and 0.9999. The method detection limits were in the range of 0.2–1.8 µg 
L−1 (water), 0.5–15 µg L−1 (fruit juices) and 0.9–3.6 µg kg−1 (milk) and 0.1–1.0 µg kg−1 
(soy milk). The method was applied to the analysis of a variety of specimens, with 
recoveries of 98–101% from water, 97–102 % from juices, 99–103 % from milk and 97–
105% from soy beverage. The relative standard deviation (precision, n = 6) varied 
between 1.3 and 4.9 % RSD in water, 2.3 and 5.8% RSD in juices, 1.0 and 5.7 % RSD in 
milk and 3.9 and 9.3 % RSD in soy milk. The proposed method was applied to analysis of 
twenty-eight samples. 1,3-dichloro-2-propanol was found in an influent water sample 
from urban wastewater treatment plant (WWTP) (2.1 ± 0.04 mg L−1) but no 
chloropropanols were found in the corresponding effluent water sample. This result 
suggests that the purification system used in the WWTP has been effective for this 
compound. Moreover, the results revealed the presence of 3-chloropropane-1,2-diol (3-
MCPD) and 2,3-dicloro-2-propanol (2,3-DCP) in soy milk at concentrations within the 
ranges 19.2–95.0 µg kg−1 and 3.0–14.3 µg kg−1, respectively. The method is suitable for 
the determination of target contaminants in liquid samples, particularly for environmental 





3-Chloropropane-1,2-diol (3-MCPD), 1,3-dichloro-2-propanol (1,3-DCP) and 2,3-
dicloro-2-propanol (2,3-DCP) are the main compounds of a group of thermally processed 
foods contaminants called chloropropanols [1,2]. They can be found in a great variety of 





chloropropanols in acid hydrolysed vegetable protein (HVP) and related products like soy 
sauce, heat processed foods, drinking water and food contact materials has aroused 
considerable concern about food safety in recent years [3]. Moreover, chloropropanols are 
halohydrins widely used as solvents and as starting materials for resins, polymers, 
agrochemicals and pharmaceuticals [2]. 3-MCPD and 1,3-DCP can be detected in water 
due the presence of wet-strength resins containing epichlorohydrin, bleaching of pulp or 
flocculants used in the treatment of drinking water or in the paperboard manufacturing 
process. Substantial amounts of food-grade papers are wet-strength with these resins [4]. 
Chloropropanols present genotoxic and mutagenic activity, and controversial 
carcinogenicity [1,5–7]. Fatty acid esters (free or bound 3-MCPD esters and glycidyl 
esters) formed at high temperatures during the refining of edible fats and oils, mainly 
during the deodorisation step, have recently been detected in fatcontaining products 
(refined fats and oils and thermally processed foods) [8–10]. Furthermore, foods with 
relatively low chloropropanols levels, such as soy products, can become relevant 
contributors of free 3-MCPD if consumed in large quantities. Thus, the tolerable daily 
intake (TDI) of 2 µg kg−1 body weight per day can be exceeded [11]. The Food Chemical 
Codex limits 3-MCPD and 1,3-DCP in acid-HVP to not more than 1 and 0.05 mg kg−1, 
respectively [12] and Commission Regulation (European Community, EC) establishes 
maximum levels of 20 µg kg−1 for free 3-MCPD in HVP and soy sauce [11]. The 
Austrian Government has proposed a maximum tolerable concentration of 10 mg L−1 for 
1,3-DCP in river water [13]. There is no EU regulation for the other chloropropanols. 
The relatively low concentration of chloropropanols in foods and the complexity of 
the matrices make the analytes enrichment and sample cleanup unavoidable steps for the 
determination of these compounds. To the present, sample preparation methods, such as 
liquid–liquid extraction (LLE) combined with solid-phase extraction (SPE) have been 
applied for chloropropanols extraction [14,15]. Although detection limits achieved in this 
way are lower than those established by EU regulation, these sample preparation methods 
involve the use of large amounts of organic solvents and Extrelut NT adsorbent, are 
tedious and very time-consuming. Furthermore, analytical procedures for the 
determination of chloropropanols include a derivatization step prior the gas-
chromatographic determination due to their high polarity, which can cause broad and 
tailed peaks [1,3,6,14]. To overcome these problems, alternative methods have been 
applied, such as pressurized liquid extraction (PLE) combined with in situ derivatization 
[16], SPE using Oasis HLB cartridges [17] and solid-phase microextraction (SPME) [13, 
18, 19]. 
In recent years, dispersive liquid–liquid microextraction (DLLME), developed by 
Rezaee et al. [20], has been successfully applied in analytical chemistry [21–24]. DLLME 
consists of the injection of a mixture of extraction and dispersive solvent into an aqueous 
sample containing the analytes, centrifugation of the cloudy solution formed and then 
instrumental analysis of analytes in the sediment phase. The major benefits of DLLME 
are the negligible volumes (a few microliters only) of extraction solvents used; the very 
large surface area between the fine droplets of the extraction solvent and the aqueous 
sample, and the accordingly fast extraction kinetics that result in the rapid achieving of a 






recoveries; the high enrichment factors and the ability to perform simultaneous DLLME 
and derivatization [21–27]. 
In the present work, a novel and fast ultrasound-assisted dispersive liquid–liquid 
microextraction (UA-DLLME), integrating the derivatization of the analytes in the 
extraction step, has been developed to improve the analytical determination of 
chloropropanols. The aim was to simplify the sample extraction step, reduce the sample 
size and the consumption of solvents and improve the sensitivity. To the best of our 
knowledge, simultaneous UA-DLLME and derivatization using N-
heptafluorobutyrylimizadole (HFBI) has not been previously employed in the analysis by 
gas chromatography–mass spectrometry of chloropropanols in liquid specimens. 
Operational conditions such as the type and volume of derivatization agent, dispersive 
solvent and extractant volumes, ultrasonic bath temperature and salt addition, were 
optimized using a screening design followed by a Doehlert design (water and fruit juices) 
or a central composite design (milk and soy milk). The performance of the developed 
methods was evaluated according to the EC Commission Regulation for chloropropanols 





CHEMICALS REAGENT AND STANDARDS PREPARATION 
 
1,3-Dichloropropanol 98%, 3-monochloro-1,2-propanediol 98%, 2,3-dicloro-2-
propanol (2,3-DCP) 98% were obtained from Sigma–Aldrich (Steinheim, Germany); 1,3-
dichloropropanol-d5 (d5-1,3-DCP) (98.1% atom D) and 3-monochloro-1,2-propanediol-d5 
(d5-3-MCPD) (98.1% atom D) used as surrogate and internal standard were supplied by 
C/D/N Isotopes (Pointe-Claire, Quebec, Canada); N-heptafluorobutyrylimizadole (HFBI) 
bioreagent by Sigma–Aldrich (Steinheim, Germany); HPLC-grade acetonitrile (ACN) 
were supplied by Merck (Darmstadt, Germany); trace analysis grade carbon tetrachloride 
(CCl4), 1,1,1-trichloroethane (CH3CCl3), chlorobenzene (C6H5Cl), chloroform (CHCl3) 
and trichloromethane (CHCl3) were from Aldrich (Milwaukee, WI, USA); ultrapure 
water was obtained by means of a Milli-Q UV plus system (Millipore, Bedford, MA, 
USA); sodium chloride 99,8% (Normapor) and hydrochloric acid 36% (Normapor) were 
supplied by VWRProlabo (Mollet del Vallés, Barcelona, Spain). Glass tubes (12 mL 
volume) with a conical bottom and a screw cap, furnished with a polytetrafluoroethylene 
(PTFE)-lined septum, were acquired from Afora (Barcelona, Spain). Cellulose ester 
membrane filters (HAWP, 47 mm, 0.45 mL) were obtained form Millipore (Bedford, 
MA, USA). 
Individual stock solutions of each chloropropanol were prepared in ultrapure water at 
10,000 µg mL−1 (5000 µg mL−1for standard labelled analogues) and stored at 4 ºC. A 
mixture of all chloropropanols was prepared by appropriate dilution of individual stock 
solutions in ultrapure water. Standard working solutions were prepared daily using stock 








Sewage samples were taken in the influent and the effluent from a paper mill plant in 
Galicia (NW Spain). Wastewater samples were taken in the influent and effluent from 
two urban wastewater treatment plant (WWTP) at Galicia. Besides river water from an 
urban centre with a population of ca. 100,000 inhabitant in Galicia and tap water were 
also considered in this study. Collected water samples were placed in 250-mL brown 
glass bottles and stored at 4 ºC and processed in less than 48 h immediately before 
analysis, 10 mL of the cooled water sample was withdrawn.  
Beverages, including bottled water, fruit juices (apple, orange and pineapple), 
different pasteurized skim milk, soy milk and soy beverages were purchased from local 
food stores in Santiago de Compostela (Galicia, NW Spain). Tap water, river water, 
wastewater and fruit juices were filtered through 0.45 µm filters (Millipore, Billerica, 
MA, USA) and then stored at 4 ◦C. Samples spiked with different amounts of working 





DLLME procedure for water and fruit juice 
 
Aliquots of 10 mL water or fruit juice spiked with 20 ng mL−1 d5-1,3-DCP and d5-3-
MCPD used as surrogate standards and 1.8 g of NaCl were placed in a 15 mL screw-cap 
glass test tube with a conical bottom. A mixture of 900 µL of acetonitrile (dispersive 
solvent), 60 µL of chloroform (extraction solvent) and 50 µL of HFBI (derivatization 
agent) were injected rapidly into the sample solution using a micropipette. Cloudy state 
was formed containing the fine droplets of extractant dispersed entirely in the aqueous 
phase. The solution was sonicated for 5 min at 40 ºC to facilitate the derivatization 
reaction. As a result, chloropropanols reacted with HFBI and were extracted into the 
dispersed fine droplets of chloroform. Then the mixture was centrifuged for 5 min at 3500 
rpm (1640 rcf) using a Centrifuge Centromix II-BL (Selecta, Barcelona, Spain). Them 
centrifugation allowed the separation of organic phase (30 µL) inmthe bottom of the 
conical test tube, which was then totally removed with a 100 µL Hamilton 710 RN 
syringe (Bonaduz, Switzerland) and transferred to a 0.15 mL glass insert that was placed 
into an autosampler vial to inject 1 µL in the GC–MS system. The extracts which were 




DLLME procedure for milk and soy beverages 
 
Acetonitrile (ACN) was used as dispersive solvent and to precipitate proteins. 2 mL 
of ACN was added to 1 mL of milk or soy beverage sample (in triplicate) spiked with 20 






centrifugation was performed (3500 rpm, 5 min) and the supernatant was placed in a glass 
vial. The extraction solvent (chloroform, 100 µL) containing derivatization agent (HFBI, 
50 µL) was added to the supernatant, and the extraction mixture was injected rapidly into 
a 15 mL screw-cap glass test tube with conical bottom with 6 mL of water. A cloudy 
solution was formed in the test tube. To ensure the quantitative and complete 
derivatization reaction, the test tubes were placed into an ultrasonic bath (30 ºC) and 
shaken for 5 min and then centrifuged at 3500 rpm for 5 min. The sediment phase (50 µL) 
was taken with a 100 µL syringe to be used for further GC–MS/MS analysis, as is 
mentioned above in Section 2.3.1. 
 
 
GC–MS and GC–MS/MS equipments 
 
The analyses were performed by a quadrupole GC–MS system and a GC–QqQ MS 
system for water and fruit juice, and milk and soy beverage samples, respectively. The 
quadrupole GC–MS was an Agilent (Wilmington, DE, USA) 7890A GC coupled to a 
single quadrupole mass spectrometer (Agilent MS 5975C) instrument. The Agilent 
Chemstation E.02 software was used to control the GC–MS system and to process data. 
The analytes were separated on a HP-5MS (30 m × 0.25 mm I.D., 0.25 µm film 
thickness) capillary column from Agilent (Palo Alto, CA, USA). The column was initially 
maintained for 2 min at 50 ºC, subsequently, the temperature was increased to 100 ºC at a 
rate of 3 ºC min−1 and finally increased to 280 ºC at a rate of 40 ºC min−1 and held for 10 
min. Helium (purity 99.999%, Carburos Metálicos, A Coruña, Spain) was used as a 
carrier gas with a constant flow rate of 1.2 mL min−1 (8 min solvent delay). The injector 
and interface temperature were kept at 280 ◦C, the electron impact (EI) ionization source 
temperature at 230 ºC, and the quadrupole mass analyzer at 150 ºC. The injection volume 
was 1 µL. Standards and sample extracts were injected in the splitless mode (splitless 
time 1.2 min) and analyzed by 70 eV EI GC–MS. The instrument was operated in the 
selected ion monitoring mode (SIM). Retention times and m/z ratios of characteristic ion 
in the mass spectrum were selected for quantification, and other ions for confirmation 
purposes for each compound using HFBI as the derivatization agent (Table 1). 
The GC–QqQ MS used was a Bruker SCION TQ with triple quadrupole detector and 
autosampler (Bruker, Billerica, MA, USA). The temperatures of the transfer line, the 
quadrupole and the ion source were set at 280, 150 and 250 ºC, respectively. The system 
was operated by MS Workstation, version 8.0, software. Separation was carried out on a 
Bruker Br5-MS capillary column (30 m × 0.25 mm i.d., 0.25 µm film thickness). Helium 
(purity, 99.999%, Carburos Metálicos) was employed as carrier gas at a constant column 
flow 1.2 mL min−1. The GC oven temperature was programmed from 60 ºC (held 2 min) 
to 100 ºC at 20 ºC min−1 (held 9 min), to 300 ºC at 30 ºC min−1 (held 5 min). Splitless 
mode was used for injection. After 1 min, the split was opened at a flow of 1.2 mL min−1 
(3.8 min solvent delay) and the injector temperature was kept at 280 ºC. The injection 
volume was 1 µL. The mass spectrometer was performed in electron impact (EI) 
ionization mode with an ionizing energy of 70 eV. The analysis was performed in the 





optimization of the parameters for MS/MS transitions was conducted on each analyte 
using 80 ms of total scan cycle time. Several relevant parameters, including the choice of 
precursor ions, daughter ions; and the collision energies were optimized for best response. 





To obtain optimal conditions of UA-DLLME for simultaneous derivatization and 
extraction of chloropropanols from differentsample matrices, experimental designs were 
used. First, water samples were considered and an asymmetric screening design [28], 
2234//16 involving 16 runs was used to select from six factors (two factors at two levels 
and four factors at three levels) which may possibly influence the process. The factors 
and levels studied were: B1, derivatization agent (BSTFA and HFBI), B2, addition of 
sodium chloride (0 and 1.5 g), B3, extraction solvent volume (60, 130 and 200 µL), B4, 
dispersion solvent volume (0.5, 1.3 and 2 mL), B5, derivatization agent volume (30, 60 
and 100 µL) and B6, ultrasonic bath temperature (25, 40 and 60 ºC). Then, response 
surface methodology (RSM) was applied to investigate the variables that significantly 
affect the extraction process [29,30]. The model used to obtain the surface response 
fitting the data to a polynomial model which general form is 
 

















where (y) is the calculated response function (the peak area obtained from GC–MS or 
GC–MS/MS analysis for each compound), xi represent the factors and b0; bi; bii; bij are the 
coefficient estimates. The constant term b0 is the mean response for all the experimental 
runs [31] Desirability functions, based on partial Derringer functions [32] were included 
in the experimental design methodology to find the experimental optimal conditions of 
compromise so that each one of the responses is within an acceptable range. Each 
response was transformed to a dimensionless partial desirability function, di, which varies 
from zero (undesirable response) to one (optimal response), without additional 
experiments. The overall objective function D representing the global desirability 

































































































































































































































































































































































































































































































A Doehlert design was the most economical tool to optimize three factors that could 
not be fixed at the previous stage of screening, using different levels. The matrix 
involving 16 runs, including three central points, was employed for water samples. The 
responses were fitted by a multiple regression equation, including curvature and 
interaction terms [29]. All experiments were performed randomly to minimize the effects 
of uncontrolled factors that may introduce bias. Although the dispersion solvent volume 
must be high enough to form the dispersion properly, an increase in its volume produced 
a decrease in extraction efficiency (due to an increase in the miscibility of the extraction 
solvent with the water sample). Therefore, the acetonitrile volume was studied at seven 
levels (0.4, 0.6, 0.9, 1.1, 1.3, 1.6 and 1.8 mL). The influence of the addition of sodium 
chloride on the extraction efficiency of the target analytes was studied at three levels (0.2, 
1.0 and 1.8 g). To ensure the complete derivatization of chloropropanols, five different 
HFBI volumes (30, 55, 80, 105 and 130 µL) were tested. 
For milk samples, a Central Composite Design (CCD) with three central points was 
chosen to investigate the influence of dispersion solvent volume, extraction solvent 
volume and extraction temperature on the responses (peak area) directly related to UA-
DLLME of chloropropanols. All factor was tested at five levels: 2, 2.2, 2.5, 2.8, 3 mL of 
acetonitrile (dispersive solvent); 80, 92, 110, 128, 140 µL of chloroform (extractant) and 
20, 28, 40, 52, 60 ºC. The design consisted of eight points of the full factorial design, six 
axial points at a distance α = 1.68, and a centred point tested three times for experimental 
error determination [30]. The experiments were conducted in random order to provide 
protection against the effects of unknown variables. A second-order polynomial model 
was fitted for each chloropropanol response. Experimental design matrices were 
constructed, the results were evaluated and the desirability functions for reaching the 
optimum conditions were developed using the Nemrod-W statistical package [33]. 
 
 
5.3.3.- RESULTS AND DISCUSSION 
 
OPTIMIZATION OF UA-DLLME-DERIVATIZATION 
 
The optimization of the simultaneous UA-DLLME-derivatization procedure involves 
the following factors: extraction and dispersive solvents and their volumes, derivatization 
agent, the ionic strength and pH [24, 25, 34]. Also, the temperature and time in the 
ultrasound bath can affect the derivatization reaction rate of chloropropanols and the 
extraction efficiency [35].  
In this work, the mode and time of shaking was studied in the 0-5 min range, stirring 
manually or with ultrasound, under the same experimental conditions. The best results 
were obtained applying 5 min of ultrasonic shaking. The peak areas of the analytes 
increased as the centrifugation time was prolonged from 0 to 5 min. Beyond 5.0 min no 
further increase in the peak areas was observed in agreement with the literature [36, 37]. 
Thus, a centrifugation step of 5 min at 3500 rpm was recommended. Considering pKa of 
3-MCPD (13.3) and 1,3-DCP (12.9) these compounds are almost exist in non-ionized 






extraction efficiency of these compounds. Consequently, in further experiments, samples 
were processed as received, (pH 6 for water and fruit juices, and pH 7 for milk and soy 
milk), without pH adjustment. First, the dispersive solvent and the extractant were 
selected. The experiments were performed in triplicate with aqueous solutions of target 
species in ultrapure water using HFBI as derivatization agent. Second, the effects of ionic 
strength, type and volume of derivatization agent, volume of extractant and dispersive 




Selection of dispersive and extraction solvents 
 
Preliminary experiments were carried out with 1 mL of dispersive solvent and 100 
µL of extraction solvent containing 50 µL of HFBI. The dispersive solvent must be 
highly miscible with the aqueous sample and the extraction solvent, and should decrease 
the interfacial tension of extractant in order to make the droplet size small, increasing the 
extraction efficiency [25]. Solvents such as methanol, acetonitrile or acetone have these 
features and are suitable as dispersive solvent [25, 38–42]. Acetone and methanol can 
react with target analytes to form derivatives as dioxolanes [3, 14, 43]. For these reasons, 
acetonitrile was selected as dispersive solvent. 
The extraction solvent has to meet four requirements: higher density than water; good 
chromatographic behaviour; high extraction capability of compounds of interest, and low 
water solubility [22, 23, 25]. Taking into account these characteristics, carbon 
tetrachloride (CCl4), ethylene tetrachloride (C2Cl4), trichloroethane (CH3CCl3), 
chloroform (CHCl3), chlorobenzene (C6H5Cl) and dichloromethane (CH2Cl2) were 
evaluated. For water and milk samples, CH2Cl2 and C2Cl4 were eliminated because did 
not lead to droplets formation or extract the target analytes, respectively. C6H5Cl and 
CCl4 did not extract the target analytes from milk and water, respectively. Furthermore, 
C6H5Cl did not lead to droplets formation in water samples. The extraction with CHCl3 
was more efficient than those obtained with CH3CCl3 (Fig. 1A) for water samples and, 
than those obtained with CCl4 (Fig. 1B) for milk samples. Therefore, CHCl3 was selected 







Fig. 1. Chromatography peaks areas of chloropropanols obtained by GC–MS when 
trichloroethane and chloroform were used as extractant solvents (A) from water 
samples; and when carbon tetrachloride and chloroform were used as extractant 
solvents (B) from milk samples (n = 3 replicates). Concentration of mixture standard 
solution spiked: 200 ng mL−1; volume of samples: 10 mL of water and 1 mL of milk; 
volume of extractant: 100 µL; volume of dispersive solvent (acetonitrile): 1 mL; 






















































































Method optimization for water and fruit juice samples 
 
Since dichloropropanols (1,3-DCP and 2,3-DCP) showed similar behaviour, 1,3-DCP 
and 3-MCPD were the responses selected in order to simultaneously evaluate the 
extraction-derivatization yield. 10 mL of water spiked with 1,3-DCP and 3-MCPD at a 
concentration of 1,2 ng mL−1 was used.  
For the screening design, the effect of the derivatization agent concerned on the 
response was statistically significant at a 95% confidence interval (delta weight plots [33] 
available as Supplementary supporting information, Fig. 1). 
 




Figure 1: Delta weight plots obtained using an asymmetric screening design, for 1,3-
DCP (A) and 3-MCPD (B), which allowed the relative effects of a level change in a 
variable on the response to be compared. The effects are shown as bars, the length of 
which is proportional to the relative magnitude of the effect, being negative for bars 
going leftwards and positive for those going rightwards. The different color means 
the significance for each coefficient, according to the degree of approximation of the 
bars to the limits of significance.The dotted lines represent the statistical significance 




 The chloropropanols derivatization reaction in organic solvent was previously 
optimized for two derivatization reagents, N,O-bis(trimethylsisyl) trifluoroacetamide 
(BSTFA) and HFBI after SPE [17]. For this reason, both derivatization agents were 
evaluated in UA-DLLME. The graphics of the total effects [33] in which the bars are 
proportional in length to the effect of each factor level on the analytical response, are 






shown in Fig. 2. HFBI led to better results (longest bar) for analytes than BSTFA and 
therefore HFBI was chosen as derivatization agent. Low extraction solvent volume (60 
µL) provided much better results for 1,3-DCP or similar results than 200 µL, for 3-
MCPD. For large extraction solvent volumes (130 µL) the extraction efficiency decreased 
as well as the enrichment factor; consequently the level was fixed as 60 µL of 
chloroform. Ultrasonic bath temperature must be high enough to the reaction takes place, 
but, if it is too high (>40 ºC), the HFBI or the derivatized chloropropanols can be 
degraded. Therefore temperature was set at 40 ºC. With 1.5 g of sodium chloride, better 
response was obtained for 1,3-DCP, however it seems that this factor did not affect the 
response of 3-MCPD. Low dispersive solvent volume (0.5 mL) favoured the extraction 
efficiency of 3-MCPD but large dispersion solvent volumes (1.3 mL) provided better 






















Fig. 2. Total effect graphics obtained using an asymmetric screening design, for 1,3-





Also the derivatization agent volume produces behavioural differences in the 
extraction of the analytes. Thus, the best results for the extraction are achieved with low 
derivatization agent volume (30 µL) for 1,3-DCP and medium-high levels (between 60 
and 100 µL) for 3-MCPD. Response surface methodology using a Doehlert design was 








volumes of dispersion solvent and derivatization agent in water samples on UA-DLLME-
derivatization process yield. The model coefficients bi were calculated by least-squares 
linear regression and validated by ANOVA. The magnitudes of coefficients (available as 
Supplementary supporting information, Table 1) indicate that dispersive solvent volume 
(b2) was significant (p < 0.05) for 1,3-DCP and 3-MCPD with a negative effect on 
extraction procedure, whereas HFBI volume (b1) (p < 0.01), sodium chloride addition (b3) 
(p < 0.05), the interaction between dispersion solvent volume-sodium chloride (b23) (p < 
0.01) and the quadratic effect of sodium chloride factor (b33) (p < 0.05) were also 
significant for 3-MCPD. For dispersive solvent volumes (acetonitrile) lower than 1 mL, a 
cloudy solution (dispersion) of extraction solvent (chloroform) occurred properly and the 
extraction efficiency increased for both chloropropanols. This is probably because a 
higher amount of chloropropanols remain dissolved in the aqueous phase for large 
acetonitrile volumes. The raise of HFBI volume improved the derivatization of 
chloropropanols and the UA-DLLME efficiency. The effect of sodium chloride addition 
was different for both compounds when the interaction with HFBI volume was 
considered. For both analytes, high values of sodium chloride and HFBI volume led to 
improved extraction-derivatization, but for 1,3-DCP good responses were also obtained at 
lower values of sodium chloride and HFBI volume. An increase in the ionic strength may 
result in higher recoveries due to the decrease in the solubility of the analytes and the 
extraction solvent in water [44]. However, the addition of salt can also produce an 








Table 1: Estimates of the model coefficients for Doehlert and Central Composite designs used in the UA-DLLME of chloropropanols. Bold 




Estimates   
Doehlert design            (water samples) Central Composite design           (milk samples) 
1,3-DCP 3-MCPD 1,3-DCP 2,3-DCP 3-MCPD 
b0      30169.250 (0.00165)   9869.500 (0.000109)  49578.632 (0.00635)  49578.632 (0.00635)  15541.342 
b1        -1178.750   4550.250 (0.006919)  -7217.371  -7217.371  -7341.131 
b2       -14636.762 (0.0394)  -5701.448 (0.00208) -24951.450 (0.00447) -24951.450 (0.00447)  -9515.160 
b3         3148.457   2732.418 (0.0481) -16051.767 (0.0330) -16051.767 (0.0330)  -8783.593 
b11        6077.750   -956.000    486.331    486.331   2395.863 
b22      -10685.803  -3389.631   8818.906   8818.906   8569.810 
b33        5930.203   5203.171 (0.0278)  -7828.742  -7828.742  -3011.401 
b12      -10034.872  -3306.467   5304.875   5304.875   -795.875 
b13       12691.202   2928.366  11999.375  11999.375   7053.625 
b23      -20985.464 -11764.939 (0.00615)  15510.875  15510.875   7264.625 
 





To find the best-compromise conditions, a multicriteria optimization approach, based 
on desirability functions, was applied [32]. Two-dimensional plots of the isodesirability 







Fig. 3. Response surfaces of the global desirability obtained using a Doehlert design 
for chloropropanols in water, as a function of acetonitrile volume and HFBI volume, 
with sodium chloride amount fixed at 1.8 g (A), sodium chloride amount and HFBI 
volume, with acetonitrile volume fixed at 0.9 mL (B), and sodium chloride amount 




As there are three variables, the factor space is in three dimensions, and to represent 
this on a two-dimensional plot, one of the variables should be kept constant. The regions 
in grey correspond to null values of desirability when the factors levels were not suitable 
to be chosen. The optimal conditions can be obtained on the direction of the isoresponse 
curve with value 1.0, corresponds to volumes of HFBI over 80 µL (Fig. 3A and B), ACN 
(dispersion solvent) volume close to 1 mL (Fig. 3A and C) and sodium chloride amount 
close to 2 g (Fig. 3B and C). The software provided the optimal numerical conditions: 0.9 
mL of ACN, 1.8 g of sodium chloride and 100 µL of HFBI. Although HFBI volume was 
not a statistically significant factor in the 1,3-DCP extraction, it was observed that the 
higher the HFBI volume, the better the extraction efficiency was. The chromatographic 
signals obtained with 100 µL and 50 µL were similar, but better than that obtained with 
25 µL (results not shown). A HFBI volume of 50 µL was chosen because the 
chloropropanols extraction was not affected and the derivatization agent consumption was 
reduced by half. 









Method optimization for milk and soy beverage samples 
 
In milk and soy beverage samples, influencing parameters (extraction and dispersion 
solvent volume and ultrasonic bath temperature) were studied for their optimization. In 
this study, acetonitrile plays a double role as dispersion solvent and also assists to 
precipitate milk proteins and improves the formation of a two-phases system. The 
minimum volume of acetonitrile required to precipitate proteins of milk and to be used as 
dispersive solvent was 2 mL. The salt addition can affect not only the extraction 
efficiency of chloropropanols from milk into the extractant solvent but also to precipitate 
proteins from the matrices. Various experiments were carried out and the obtained results 
showed that the peak areas of chloropropanols decrease drastically when sodium chloride 
amount increased from 0 to 0.5 g, and no extraction occurred when sodium chloride 
amount exceeded 0.5 g (data not shown). Since the ionic strength had a negative effect on 
the response for the target analytes, no salt was added in subsequent experiments. As 
mentioned in Section 3.1.2, to produce the derivatization of chloropropanols, at least 50 
µL of HFBI are necessary. Therefore this volume was used in all experiments. Also, the 
extractant volume should be enough to properly form the drop (minimum 80 µL). In the 
analysis of CCD, similar behaviour was observed for 1,3-DCP and 2,3-DCP. Model 
coefficients were calculated from  experimental data for each response and the models 
were analyzed and validated by ANOVA. The estimates of the model coefficients are 
provided as supplementary supporting information, Table 1. The values indicated that a p 
value <0.05 was obtained for the main effect of acetonitrile volume (b2) and extraction 
temperature (b3) with high negative effect. The effect of the interaction between these two 
factors (b23) was statistically significant (p < 0.01) for 1,3-DCP, however, a positive 
effect was observed. The application of the response surface methodology revealed an 
increase of the UA-DLLME efficiency when low levels of the three factors were used. At 
a higher volume of acetonitrile (>2.5 mL), the solubility of the analytes in aqueous phase 
was increased, leading to decreased extraction efficiency due to a lower coefficient of 
distribution (see Fig. 4A and C). Regarding chloroform volume, decreasing extractant 
volume increased the concentration of analyte extracted and therefore the signal 
increased. Ultrasonic bath temperature also can affect the rate of the in situ derivatization 
reaction and excessively high temperature can cause the degradation of HFBI or 
derivatized chloropropanols. Applying desirability functions methodology [32] 
isoresponse curves showed that maximum desirability (isoresponse curve of 1.0 or 100% 
of D) was at volume of dispersion solvent, close to 2 mL (Fig. 4A and C), volume of 
extractant solvent, lower than 110 µL (Fig. 4A and B) and extraction temperature, lower 
than 40 ºC (Fig. 4B and C). The compromise optimum conditions were 100 µL of 









Fig. 4. Response surfaces of the global desirability obtained using a Central 
Composite  esign for chloropropanols in milk, as a function of acetonitrile volume 
and chloroform volume, with temperature fixed at 30 ºC (A), temperature and 
chloroform volume, with acetonitrile volume fixed at 2 mL (B), and temperature and 






Water and fruit juice samples 
 
Once the UA-DLLME method was optimized, several quality parameters were 
evaluated by GC–MS in order to asses its performance (Table 2). Residues-free samples 
were used as blanks for matrix-matched standard calibrations. Response linearity was 
examined using samples fortified at five concentration levels and three replicates per 
level, considering the area of the peaks relative to internal standard (IS), using 
isotopically labelled analogues. The concentration of the IS along the calibration curve 
was maintained at 20 ng mL−1 for d5-1,3-DCP and at 100 ng mL−1 for d5-3-MCPD. 
Determination coefficients (R2) for the obtained graphs varied between 0.9990 and 
1.0000. Quantification and detection limits (LOQ and LOD) were calculated at the lowest 
concentration level for a signal/noise ratio (S/N) of 10 and 3, respectively, according to 
the Commission Regulation 333/2007/EC [46] and the Eurachem recommendations [47]. 
Detection limits between 0.2 and 1.8 ng mL−1 were obtained for water and between 0.5 
and 15.1 ng mL−1 for fruit juices (apple, orange and pineapple). 
The results indicate that the method provides limits of detection lower than those 
obtained when SPE (LOD and LOQ in the range of 1.4–11.2 ng mL−1 and 4.8–34.5 ng 
mL−1, respectively) [17] or SPME (1,3-DCP LOD and LOQ 0.4 and 1.4 ng mL−1, 
respectively) [19] were applied to water samples. 
The performance of the optimized methodology was also evaluated in terms of 
enrichment factor (EF). EF is defined as the ratio between the concentration of each 







calibration curve obtained for standards in chloroform, and that added to the sample (C0) 
[20, 21, 34, 48]. The obtained EFs were about 20 for water samples and 5 for fruit juices.  
The precision of the method [42], expressed as relative standard deviation (% RSD), 
was evaluated by analyzing six sample aliquots in the same day (intra-day) and in 
consecutive days (inter-day). Water samples were spiked at two addition levels of 10 and 
50 ng mL−1 while fruit juices (apple, orange and pineapple) at 10 ng mL−1 for 1,3-DCP 
and 2,3-DCP and 50 ng mL−1 for 3-MCPD. The analytical results are shown in Table 2. 
The method showed very good precision for all analytes and matrices with RSD values 
between 1.3 and 5.8% for the intra-day study. Inter-day precision RSD values were 
ranged between 1.3 and 4.8%. Recoveries of each analyte when samples were subjected 
to the complete method (UA-DLLMEderivatization and GC–MS) were also evaluated in 
water and fruit juices. The samples were fortified at different concentration levels, 
according to limits of the established restrictions for different foodstuffs [11–13], to test 
accuracy. Recovery values were calculated in four replicates and the results were in the 
range of 97–102% (Table 2). 
 
 
Milk and soy beverage samples 
 
The consumption of soy milk and beverages enriched with soy isoflavones has grown 
exponentially in the last decade. The positive health effects attributed to this type of foods 
justifies the enormous interest in Western consumers. The selective proposed method is 
the fist one developed to the analysis of chloropropanols in this type of samples. Then, 
the UA-DLLME-derivatization procedure was also validated using GC–MS/MS with 
milk and soy beverage samples. The figures of merit obtained for these samples are 
summarized in Table 3. 
The matrix effects were compensated with matrix-matched standard calibrations and 
isotopically labeled analogues used as internal standards. Good linearity was observed, 
with R2 values higher than 0.9991. The LOQs obtained from milk and soy milk samples 
are lower or equal than 12.1 ng mL−1 and 3.4 ng mL−1, respectively (Table 3). The EFs 
were about 20 for milk samples and 100 for soy milk. The precision (n = 6) and accuracy 
(n = 4) were studied at two spiked levels (Table 3). The intra-day precision for milk and 
soy beverage samples was found to be in the ranges of 1.0–5.7 and 3.9-9.3% RSD, 
respectively. The inter-day precision for milk and soy milk samples was in the ranges of 
1.1-3.9 and 3.9-7.8, respectively. Recovery values were in the ranges of 99-103% and 97-













































































































































































































































































































































































































































































































































































































































±± ±±  
SD













































































































































































































































































































































































COMPARISON WITH OTHER METHODOLOGIES 
 
Some other methods reported in literature, such as solvent extraction over extrelut 
column and GC–MS, solid-phase microextraction GC–MS/MS, and solid-phase 
extraction GC–MS were compared with the proposed method (Table 4). 
The proposed method led to similar or lower LODs and shorter extraction time than 
other methods which involve multi-step operation, making the extraction complex and 
time-consuming [13]. Some authors report a time between 10 and 15 min of ultrasonic 
bath and additional time between 11 and 19 min using SPE with large solvent volumes 
(90-150 mL) [49, 43, 51]. A SPE method developed by our group was faster than those 
above commented because only 3 mL of elution solvent was used [17]. In all these cases 
derivatization step is required and the derivatization time ranged between 20 min and 2 h. 
A HFBA derivatization time of 30 min should be also considered in the method reported 
by Matthew and Anastasio [50]. The total time of SPME procedures, included 
derivatization step, varied between 20 min [18] and 50 min [19]. As can be seen, sample 
preparation is an important step in the determination of these contaminants because of the 
complexity of the matrices and the low concentration of the analytes. The proposed 
method is capable of extracting low volumes of sample (between 1 and 10 mL) with 
small volumes of extracting solvent (between 60 and 100 µL). Furthermore, the method is 
timesaving because UA-DLLME improves extraction efficiency in one step operation (15 
min), including extraction, derivatization and preconcentration of the analytes.  
The single and triple quadrupole instruments revealed satisfactory performance based 
on results for LOD and LOQ values, accuracy (% recovery) and precision (%RSD), 
shown in Tables 2 and 3 respectively. The target analytes can be determined by means of 
GC–MS allowing quantification limits below the legal requirements in simple matrices 
such as water. However, higher sensitivity and specificity is required for more complex 
matrices such as milk or soy beverage, and GC–MS/MS permitted the correct 
identification and quantification of compounds. Both methods provided a sufficient 
sensitivity and selectivity to detect chloropropanols at concentrations below the levels set 
by legislation. These results are in agreed with those provided in Table 4. 
 
 
APPLICATION OF THE METHOD TO REAL SAMPLES 
 
Given the nature of the samples and the variability of the composition of their 
matrices: water, fruit juice (apple, orange and pineapple), milk, soy milk and soy 
beverages; the matrix-matched calibration curves were always used in triplicate to avoid 
errors in the determination of chloropropanols and in the results from the analysis of real 
samples. 
The real samples evaluated included for water: one commercially bottled water, one 
tap water sample, an influent and effluent sewage sample from a paper mill plant, an 
influent and effluent WWTP from urban zone, an urban river water and a rural river 
water; for fruit juices: one orange juice, one apple juice and one pineapple juice; six 






two soy beverages. Sewage samples were first filtered using cellulose ester membrane 
filters. The results are summarized in Table 5. No signals for chloropropanols were 
observed in the fruit juices, pasteurized skim milk and soy beverages samples. Data from 
fruit juices have not been previously reported. The results in milk are comparable to those 
obtained in similar studies conducted in China [51].  
The water samples were free of chloropropanols contamination in agreement with the 
results of previous works [17, 19], except the influent WWTP from urban zone, 
presenting a concentration result for 1,3-DCP lower than the limit established by the only 
piece of European legislation (10 mg L−1) [13]. Traces of 3-MCPD were quantified in 
nine soy milk samples and seven of them presented concentrations higher than the limit 
regulated for soy sauces and related products (20 µg kg−1) [11]. Furthermore, the presence 
of 2,3-DCP was evidenced in three soy milks analyzed. Soy milk and soy beverages are 
cholesterol-free, but contain phytosterols and isoflavones with antioxidant power, so 
many people chose this food to reduce fat from their diet. Great attention has been 
addressed to chloropropanols due to their presence in foods and concerns about their toxic 
potential as carcinogens [52]. Despite the growing consumption of soy milk and 
beverages in Europe and particularly in Spain, published information on levels of 
chloropropanols in such beverages was not found. The MRM chromatogram 








































































































































































































































































































































































































































































































































































































































































































































































































































One-step extraction and derivatization UA-DLLME followed by GC–MS and GC–
MS/MS analysis have been developed and successfully applied to the determination of 
chloropropanols in liquid samples, including water, fruit juice, milk, soy milk and soy 
beverage samples. To the best of our knowledge, this study constitutes the first 
application of DLLME to chloropropanols analysis and to commercial soy beverages. 
Optimization was carried out using real samples and experimental designs. Recovery 
studies were performed on each specimen, verifying the reliability of the optimized 
procedure. Seven water samples, three fruit juice samples, six milk samples and ten soy 
milk and two soy beverage samples were analyzed by the present methodology, 
demonstrating its feasibility to be applied in industrial food production. Regarding 3-
MCPD content, several concentrations found were above the international requirements 
[11]. DLLME presents clear advantages over the liquid sample preparation methodology 
for chloropropanols previously reported in the literature [3,14]. The consumption of 
reagents and disposable materials is reduced, which make the method more 
environmentally friendly and easily implementable in any laboratory. 
 
Table 5. Found concentration (µg kg-1) of chloropropanols in positive samples: one wastewater and nine 
soy milk (average ± SD) in triplicate.  
Sample 1,3-DCP  2,3-DCP  3-MCPD  
Influent WWTP from urban zonea 2.1 ± 0.04a nd nd 
Soy milk 1 nd nd 14.0 ± 0.5 
Soy milk 2 nd nd 36.4± 2.0 
Soy milk 3 nd nd 19.2 ± 1.4 
Soy milk 4 nd 14.3 ± 1.2 nd 
Soy milk 5 nd nd 44.7 ± 1.6 
Soy milk 6 nd 7.2 ± 0.3 17.6 ± 2.0 
Soy milk 7 nd nd 23.7 ± 0.9 
Soy milk 8 nd nd 39.9 ± 2.0 
Soy milk 9 nd 3.0 ± 0.2 95.0 ± 7.6 
a






Fig. 5. MRM GC–MS/MS chromatograms for the sample code Soy milk 5, Table 5 
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6.1.- DETERMINACIÓN DE CLOROPROPANOLES EN ALIMENTOS 
MEDIANTE EXTRACCIÓN CON LÍQUIDOS PRESURIZADOS CON LA 
EXTRACCIÓN-DERIVATIZACIÓN EN UNA SOLA ETAPA Y 
CROMATOGRAFÍA DE GASES-ESPECTROMETRÍA DE MASAS 
  
 
En las últimas décadas el interés por la composición de los alimentos ha ido 
aumentando progresivamente. Diversos organismos internacionales como la Food and 
Drug Admisistratrion (FDA), la Organización Mundial de la salud (OMS) o la Food 
Chemical Codex (FCC) han aumentado sus controles sobre los alimentos y sobre su 
composición. Por ello, la concentración de contaminantes presentes en dichos alimentos 
debe ser cada vez menor. Al mismo tiempo que aumenta el interés por disponer de más 
información sobre la composición de los alimentos, también aumenta el consumo de 
productos elaborados, preferentemente alimentos precocinados, con un alto contenido en 
proteínas vegetales, como la soja y sus derivados, y de alto aporte nutricional. El precio 
relativamente bajo de estos productos los hace cada vez más populares y accesibles a toda 
la población justificando un mayor control sobre ellos para valorar posibles riesgos de la 
salud pública. 
Entre los contaminantes presentes se pueden encontrar los cloropropanoles, 
concretamente 1,3-dicloro-2-propanol (1,3-DCP) y 3-monocloro-1,2-propanodiol (3-
MCPD). Los cloropropanoles son contaminantes que se forman durante el procesado y la 
fabricación de determinados alimentos e ingredientes. Originariamente se descubrieron en 
la proteína vegetal hidrolizada con ácido (ácido-HVP), en la década de 1980. 
Investigaciones posteriores, en la década de 1990 revelaron su presencia en salsas de soja 
fabricadas utilizando ácido-HVP como ingrediente. Los cloropropanoles en el ácido-HVP 
se originan durante la hidrólisis ácida en el proceso de fabricación de la salsa de soja. 
Durante esta etapa de hidrólisis el ácido reacciona también con los lípidos residuales 
presentes en el grano desprovisto de grasa de las semillas de aceite, como por ejemplo de 
soja y demás sustancias vegetales utilizadas, dando lugar a la formación de 
cloropropanoles. Los cloropropanoles se han detectado también en otros alimentos que no 
son sometidos a hidrólisis ácida durante la fabricación. Entre dichos productos se 
encuentran la fruta y hortalizas elaboradas, productos a base de cereales y de panadería, 
carnes procesadas, pescado ahumado y cerveza. También se ha observado la presencia de 
cloropropanoles en ingredientes de alimentos de los que se sabe que no incluyen 
hidrólisis ácida de proteínas vegetales durante la producción; entre los ejemplos de tales 
productos figuran extractos de carne, maltas, almidones modificados y condimentados. 
Estudios recientes han demostrado que la producción de cloropropanoles en estos 
alimentos e ingredientes se ve favorecida por altas temperaturas y por el bajo contenido 
en agua. 
La protección del consumidor y el desarrollo de metodología efectiva y conveniente 
para la identificación y determinación de cloroproponoles en matrices alimentarias 
complejas, minimizando el tiempo de análisis, el uso de disolventes orgánicos y la 
cantidad de muestra, sin que ello afecte a la calidad del resultado final, ha sido la 





normalmente incluyen varias etapas usando Extrelut NT como adsorbente y grandes 
volúmenes de muestra. En este trabajo se ha desarrollado un método rápido, la extracción 
con líquidos presurizados (PLE) y la determinación con cromatografía de gases-
espectrometría de masas (GC-MS) para la determinación de 3-MCPD y 1,3-DCP en 
productos de panadería. Mediante diseño de experimentos se optimizó la extracción-
derivatización con BSTFA y la etapa de limpieza de forma simultánea en el interior de la 
celda de PLE. 
Inicialmente, se utilizó un diseño de screening para evaluar las variables que podían 
afectar al proceso de extracción y limpieza como son: tiempo y temperatura de 
extracción, número de ciclos, dispersante (tierra de diatomeas (DE) o Extrelut NT) y 
porcentaje de flush de acetato de etilo. Las condiciones óptimas establecidas fueron las 
siguientes: un ciclo, 80 % de volumen de flush, DE como dispersante, 130 ºC de 
temperatura durante 5 min y un gramo de florisil como adsorbente. 
Con el fin de reducir el tiempo de análisis y mejorar la sensibilidad, se realizó la 
derivatización de los compuestos en el interior de la celda. Los factores como volumen de 
BSTFA, temperatura y tiempo para la derivatización in situ de los analitos en el interior 
de la celda fueron estudiados mediante un diseño de superficie de respuesta Doehlert. Las 
condiciones óptimas de compromiso para la derivatización de los dos analitos fueron: 70 
µL de BSTFA, 3 minutos y 70 ºC de temperatura. 
Con el fin de ajustar las proporciones de los dispersantes/adsorbentes en el interior de 
la celda, los efectos de la tierra de Diatomeas, Florisil y sulfato sódico fueron estudiados 
mediante un diseño Box-Behnken, obteniéndose las mejores condiciones con 1 g de 
florisil, 2,5 g de tierra de diatomeas y 0,1 g de sulfato sódico. 
En la figura III.5 se muestra un esquema resumen del procedimiento con las 












Figura III.5.- Esquema del procedimiento de extracción y determinación de 




En las condiciones óptimas, el método propuesto muestra unas curvas de calibración 
con buena linealidad (R2 > 0,9994) y precisión (RSD ≤ 2,4 %) en los rangos de 
concentración estudiados. Los límites de cuantificación obtenidos para 1,3-DCP y 3-
MCPD fueron de 1,6 y 1,7 µg Kg-1, respectivamente, valores muy por debajo de los 
límites establecidos en las legislaciones europea y americana. 
El método propuesto fue aplicado a diferentes muestras reales, entre las que se 
incluyen, pan tostado, cereales, snacks y galletas. Se encontraron evidencias de 
cloropropanoles en las muestras analizadas, pero en ningún caso excede los límites 
establecidos en la legislación para salsa de soja y productos relacionados. Los resultados 
están de acuerdo con el hecho de que la humedad de los productos de panadería influye 
en el proceso de formación de los cloropropanoles, parece ser que el glicerol es un 






































DETERMINATION OF CHLOROPROPANOLS IN FOODS BY ONE-STEP 
EXTRACTION AND DERIVATIZATION USING PRESSURIZED LIQUID 





3-chloropropane-1,2-diol (3-MCPD) and 1,3-dichloro-2-propanol (1,3-DCP) were 
determined for the first time in bakery foods using pressurized liquid extraction (PLE) 
combined with in-situ derivatization and GC–MS analysis. This one-step protocol uses 
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) as silylation reagent. Initially, 
screening experimental design was applied to evaluate the effects of the variables 
potentially affecting the extraction process, namely extraction time (min) and temperature 
(ºC), number of cycles, dispersant reagent (diatomaceous earth in powder form and as 
particulate matter with high pore volume Extrelut NT) and percent of flush ethyl acetate 
volume (%). To reduce the time of analysis and improve the sensitivity, derivatization of 
the compounds was performed in the cell extraction. Conditions, such as the volume of 
BSTFA, temperature and time for the in situ derivatization of analytes using PLE, were 
optimized by a screening design followed to a Doehlert response surface design. The 
effect of the in-cell dispersants/adsorbents with diatomaceous earth, Florisil and sodium 
sulfate anhydrous was investigated using a Box-Behnken design. Using the final best 
conditions, 1 g of sample dispersed with 0.1 g of sodium sulfate anhydrous and 2.5 g 
diatomaceous earth was extracted with ethyl acetate. 1g of Florisil, as clean-up adsorbent, 
and 70 µL of BSTFA were used for 3 minutes at 70ºC. Under the optimum conditions, the 
calibration curves showed good linearity (R2>0.9994) and precision (relative standard 
deviation, RSD≤2.4%) within the tested ranges. The limits of quantification for 1,3-DCP 
and 3-MCDP, 1.6 and 1.7 µg kg −1, respectively, are far below the established limits in 
the Europeanand Americanlegislations. The accuracy, precision, linearity, and limits of 
quantification provided make this analytical method suitable for routine control. The 
method was applied to the analysis of several toasted bread, snacks, cookies and cereal 










3-chloropropane-1,2-diol (3-MCPD) and 1,3 dichloro-2-propanol (1,3-DCP), the 
best-known chloropropanols, are contaminants detected in acid-hydrolyzed vegetable 
proteins (acid-HVP) as well as in foods such as bakery products with components that are 
not subjected to acid hydrolysis during their manufacture [1-6]. 3-MCPD esters are now 
found widespread in thermally processed foodstuffs [7]. Both 3-MCPD and 1,3-DCP 
were recently set by IARC into group 2B as "probably carcinogenic to humans" [8, 9, 10]. 
The Food Chemical Codex (FCC) limited the presence of 3-MCPD and 1,3-DCP in acid-
HVP to not more than 1 and 0.050 µg mL-1, respectively [11] and Commission 
Regulation (EC) established maximum levels of 0.02 mg/kg for free 3-MCPD in HVP 
and soy sauce [12]. There is no EU regulation for the other chloropropanols. 
Protection of the consumer health requires, the development of effective and 
convenient methodologies able to identify and determine chloropropanols in foods both 
accurately and sensitively. Most of the sample preparation procedures are usually 
performed through several steps using Extrelut NT adsorbent and large volumes (up to 
150 mL) of solvents [2, 9, 13-20]. Pressurized liquid extraction (PLE) is a simple and 
reliable technique for trace analytes, which has been successfully applied in different 
matrices such as vegetables [21, 22] fishes [23], fruits [24, 25] and other foods [26-28]. 
Extraction and clean-up are carried out in an easy one step [21, 29, 30]. Due to the polar 
nature of chloropropanols, a derivatization step previous to gas chromatography (GC) 
analysis is recommended [28]. Heptafluorobutyrylimidazole (HFBI), phenylboronic acid 
(PBA), ketones and trimethylsilyl (TMS) derivatives are used for this purpose [3, 8, 9, 14, 
16, 20, 31-32]. 
The aim of this work was to develop a rapid and accurate extraction method (PLE) 
for gas chromatography/mass spectrometry (GC/MS) analysis of 3-MCPD and 1,3-DCP 
in bakery products. The simultaneous extraction-derivatization by N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) and clean-up into the PLE cell was 
optimized using experimental designs. To the best of our knowledge, this method has 
been not previously applied to the analysis of chloropropanols. 
 
 
6.1.2.- EXPERIMENTAL SECTION 
 
REAGENTS AND MATERIALS 
 
Chemicals and reagents were supplied as follow: 1,3-dichloropropanol 98%,  3-
monochloro-1,2-propanediol 98%, 1,3-dichloropropanol-d5 (d5-1,3-DCP) (98.1% atom 
D) and 3-monochloro-1,2-propanediol-d5(d5-3-MCPD) (98.1% atom D) used as surrogate 
internal standard (IS) by C/D/N Isotopes (Pointe-Claire, Quebec, Canada). Stock 
solutions of each individual analyte at 5000 µg mL−1 and a mixture of all were prepared 
in ethyl acetate and were stored at −18ºC. N,O-bis(trimethylsilyl) 





PA, USA); ethyl acetate (Chromanorm) by VWR-Prolabo (Mollet del Vallés, Barcelona, 
Spain). 
Extrelut NT and Celite 545 (0.01-0.04 mesh) were from Merk (Darmstadt, Germany) 
and sodium sulphate anhydrous 99% by Panreac (Barcelona, Spain). Diatomaceous earth 
(DE) in powder form, Florisil (60-100 mesh), sea sand (50-70 mesh), silica gel (70-230 
mesh) and activated basic aluminum oxide were supplied by Aldrich (Madrid, Spain). 
Syringe filters (Millex GV, 13 mm, and 0.22 µm) were from Millipore (Billerica, 






Samples of various toasted breads (low salt toast, whole meal toast) corn and wheat 
breakfast cereals, two kinds of snacks and a flour based biscuit were bought at a local 
supermarket. The samples used in the optimization of sample preparation step were 
triturated and homogenized in an electric mill and dried at 60 ºC to remove the moisture 
and stored at room temperature in a desiccator until use. The food samples were spiked 
with different amounts of working standard solutions in order to prepare the samples for 
the different studies. 
Approximately 25 g of sample were placed in a beaker with a broad base and covered 
with 50 mL of ethyl acetate spiked with chloropropanols standards to obtain the necessary 
concentration in food for each analyte. The spiked sample was allowed to air-dry in the 
dark for three days and stored at room temperature until extraction, in order to simulate 
the normal interaction between the food and the target compounds.  
 
 
GAS CHROMATOGRAPHY DETERMINATION 
 
All analysis was performed using an Agilent 7890A gas chromatograph 
(Wilmington, DE, USA) coupled to an inert MSD triple axis mass spectrometer (Agilent 
5975C) equipped with a split/splitless 7693 injector. Chromatographic separation was 
achieved using an HP-5MS fused silica capillary column (30 m × 0.25 mm i.d, film 
thickness 0.25 µm of 5%-phenyl-methylpolysiloxane) from Agilent Technologies. 
Helium (purity 99.999%, Carburos Metálicos, A Coruña, Spain) was employed as the 
carrier gas with a constant flow of 1.2 mL.min−1. The samples were injected in the 
splitless mode, and then the splitter was opened after 2 min. The GC oven temperature 
were programmed as follows: initial temperature 50 °C for 2 min; then increased at 3 °C 
min-1 to 100°C and finally from 100 to 280 ºC at a rate of 40º C min-1 (kept for 10 min). 
The injector temperature was hept constant at 280 °C. The total run time of analysis was 
33 min. 
The mass spectrometer was operated in electron impact (EI), 70 eV of ion energy, 
with a 10 min solvent delay. The temperatures of the interface, EI ionization source and 






Data acquisitions were carried out over the mass range m/z 60–400, in SIM mode 
(Single Ion Monitoring) to maximize sensitivity. To identify the compounds 445 µL of 1 
µg mL-1 standard solution of each individual analyte was introduced into an amber vial, 
55 µL of derivatization reagent was added, the mixture was shaken vigorously in a vortex 
and heated to 60 ºC for 70 minutes for the derivatization reaction. Then 1 µL was injected 
in the CG/MS to find the higher m/z and characteristic ions for each compound. Specific 
conditions for each analyte are listed in Table 1. Quantification was accomplished by the 
relative areas vs. internal standards, which were added to samples at the spiked step. For 
analyzing chloropropanols by gas chromatography if is necessary to carry out this kind of 
reaction in order to modify their low volatility and high polarity and improve the 
sensibility [8, 31]. Trimethylsilyl (TMS) derivatives were prepared according to a 
previous work dealing with the BSTFA derivatization of chloropropanols [33]. The 
reaction was carried out with standard solutions in ethyl acetate, demonstrating the 
suitability of this solvent to accomplish derivatization. The TMS derivatives were stable 
for more than one month.  
 
 
Table 1. Retention times (tR), quantifier ion and qualifier ions for the 
chloropropanols by GC-MS 
 
 
d5-1,3-DCP-TMS 1,3-DCP-TMS d5-3-MCPD-TMS 3-MCPD-TMS 
Quantifier ion 
(m/z) 154 151 116 119 
Qualifier ion 
(m/z) 93.185 93.190 239 244 
Retention time 




EXTRACTION AND DERIVATIZATION PROCEDURE  
 
Extractions were accomplished using a pressurized liquid extractor ASE 200 from 
Dionex (Sunnyvale, CA, USA), equipped with a 24-sample carousel, 11 mL stainless 
steel cells, and 40 mL collection vials. Two cellulose filters (Dionex) were placed at the 
bottom of the PLE cell And aA layer of the adsorbent clean-up (0,6 g of Florisil) was 
placed on the filters. 1 g sample was mixed with 1,5 g of anhydrous sodium sulfate 
(drying agent) and 2 g of DE, (dispersant agent) using a mortar and a pestle, and the 
mixture was introduced into the cell filling the remaining volume with clean sand (50-70 
mesh particle size, Sigma-Aldrich). Then, another cellulose filter was placed on the top. 
In all experiments, isotopically labelled analogues (30 ng mL-1) were added as surrogate 
standards to each sample before extraction. The extraction pressure was set to 1500 psi 





placed into the carousel of the ASE system. Extractions were performed by preheating the 
cell before filling with the solvent (preheat method). Analytes were recovered in one 
extraction cycle of 5 min, at 130ºC. The flush volume of ethyl acetate was 80% and the 
purge time was set to 90 s. The PLE extract (ca. 20 mL), was collected in vials sealed 
with rubber septa, evaporated using a gentle stream of nitrogen in a Turbo Vap II 
concentrator (Zymark, Hopkinton, MA, USA) and adjusted to a final volume of 1 mL 445 
µL of extract was derivatized with BSTFA as described in section 2.1. and 1 µL was 
analyzed by GC/MS. 
In the simultaneous extraction-derivatization experiments, 70 µL of BSTFA was 
added to the sample before the addition of the drying agent (0.1 g of anhydrous sodium 
sulfate) to avoid the susceptibility towards hydrolysis of silylation agents [29, 34] and the 
dispersion sorbent (2.5 g of DE). 1 g of Florisil, was added as clean-up adsorbent. 
Thereafter, the PLE procedure was carried out. Analytes were recovered in one extraction 
cycle of 3 min, at 70 ºC. The flush volume and the purge time were as previously 
described. The PLE extracts were collected and evaporated in a Turbo Vap II 
concentrator and adjusted to a final volume of 1 mL. The extract was filtered by means of 





Experimental designs were applied for optimizing the extraction method and to 
analyze the simultaneous effect of the main factors affecting PLE and to evaluate the one-
step extraction and derivatization procedure. The basic and descriptive statistics and the 
experimental design generation and analysis were performed using NemrodW2000 (D. 
Mathieu, J. Nony, R. Phan-Than-Luu, NemrodW, Ver. 2000, LPRAI, Marseille, 2000) as 
the software package. 
 
 




PLE preliminary assays were performed on fortified samples using the general 
conditions described in EPA 3545 [35]: 1.5 g of anhydrous sodium sulfate, one cycle of 5 
min at 100 oC, 1500 psi, solvent flush of 60 % and 90 s purge time. The adsorbents for 
clean-up were selected on the basis of the literature on PLE extraction of contaminants 
from food matrixes [21, 23, 29, 30]. One-step extraction and cleanup by PLE was 
evaluated. Anhydrous sodium sulfate was added to the sample for eliminating the co-
extracted water [29, 36]. 2 g of Extrelut NT, Celite or DE, with similar chemical 
composition based on SiO2 but different mesh size, were initially evaluated as dispersant 
agents to identify the combination that provided the cleanest extracts. The best results 
were obtained with DE or Extrelut NT (data provided in electronic supporting 






adsorbents were compared: 1 g of Florisil, a mixture of activated 0.4 of graphitized 
carbon (GCB) and 0.6 g of Florisil, 1 g of aluminum oxide and 1 g of silica gel (data 
provided in electronic supporting information file 1B). Aluminum oxide retained 3-
MCPD. A good extraction was not obtained without adsorbent or with GCB/Florisil. The 





An asymmetric screening design of the 2233//12 [37] type was used to study the 
influence of the extraction time (1, 3 and 5 min) and the temperature (60, 100 and 130 
ºC), the number of cycles (one or two), the flush volume of ethyl acetate (40, 60 and 80 
%) and the dispersant (DE or Extrelut NT) to obtain an efficient extraction and cleanup. 
The effect of the pressure was studied because it generally has a negligible effect on the 
extraction yield [34]. 1g of bread spiked with 1,3-DCP and 3-MCPD at a concentration of 
0.5 µg mL−1 in the final extract was used. The results obtained were examined with the 
aid of different graphic tools supplied in the software package, such as delta weight plots 
[37] which allowed the relative effects of a level change on the response variable (peak 
area) to be compared. The effects are shown as bars (data provided in electronic 
supporting information, file 2). Extraction time was statistically significant (p<0.05) and 
80 % of the flush volume was only statistically (p<0.05) significant for the extraction of 
3-MCPD, but any level of % Flush volume lead to similar results for the 1,3-DCP. Better 
responses were achieved for both chloropropanols when high levels of extraction 
temperature or DE were used. Since large differences in responses between 1 and 2 cycles 
were not found,. one extraction cycle was preferred. The selected conditions for the PLE 
were established as follows: one cycle, 80 % flush of volume, DE as dispersant, 130 ºC 
for 5 min and 1 g of Florisil® as adsorbent. Then PLE extracts were derivatized and 
analyzed by GC/MS. 
 
 
SIMULTANEOUS PLE EXTRACTION-DERIVATIZATION 
 
The post-extraction derivatization procedure involved excessive sample handling and 
increased the time of analysis due to the conditions required for derivatization (60 °C and 
70 min). Thus we developed a derivatization-extraction procedure, adding the 
derivatization agent (BSTFA) directly into the PLE cell, taking advantage of the pressure 
and temperature conditions of PLE to reduce the derivatization time and to achieve the 
GC-MS analysis of the extract without any further step. 
 
Screening design  
 
Working under the PLE conditions fixed in section 3.1, other factors potentially 
affecting the extraction-derivatization efficiency were studied. An asymmetric screening 





temperature (75, 90, 100 ºC) and the time (10 and 15 min) for PLE extraction-
derivatization [37]. The graphics of the total effects [37] are shown in Fig. 1. The high 
BSTFA volume provided, for both chloropropanols much better results than the lower 
values; consequently the level was fixed as 70 µL. Higher BSTFA volume had a negative 
effect due to a significant increase of the background signal in the chromatogram. Lower 
levels of temperature and time cause a greater positive effect on the response, possibly 
because the derivatization reaction should take place during the first moments of contact 
with the sample and the analytes, and furthermore the derivatization agent can degrade at 
high temperatures. Therefore, these factors were studied in more detail through a response 
surface methodology (RSM).  
 
 
Response surface Doehlert design  
 
The experiments were carried out according to a Doehlert matrix made up of 9 
experiments, including three central points [36]. Five levels for extraction time (3, 6, 8, 
11 and 13 min) and three levels for extraction temperature (46, 63 and 80 ºC) were 
considered. Data were evaluated by ANOVA. Since common behavior for the extraction 
of both chloropropanols is expected the optimum path of the response surface [37] was 
considered for the optimization (data provided in electronic supporting information file 
1). The optima conditions were temperature = 78 ºC and time = 5 min. To reach the 
maximum, the time must have lower values while the temperature must tend towards 
higher values. For 3-MCPD the maximum response corresponds to temperature = 70 ºC 
and time = 3 min. However, a more convenient solution is to use the global desirability 
function to obtain the optimum operational conditions for both compounds. Fig. 1C 
shows the 2D plot of global desirability function. Response surface showed the maximum 
desirability at high temperature and low time period. In this zone, desirability was close to 








Fig. 1: Graphics of total effects obtained using a screening design 2132//9, for 3-
MCPD (A) and 1,3-DCP (B). Global desirability response surface plot using a 




Response surface Box-Benhken design 
 
Based on results reported in the previous section, an adjustment of the proportions of 
the amounts of dispersant/adsorbent in the cell was carried out due their potential 
influence in the analytes recovery and in the dispersion of the matrix. The amounts of 
Florisil (0.1, 0.8 and 1.5 g), DE (0.1, 1.5 and 2.9 g) and anhydrous sodium sulfate (0, 0.25 
and 0.5 g) were included in a Box-Benhken design with 11 experiments [38]. After 
ANOVA evaluation, only the effect of Florisil was statistically significant (p<0.01) for 
1,3-DCP. High levels of DE and medium-high levels of Florisil provided good responses 
for both chloropropanols, while medium-low levels of anhydrous sodium sulfate led to 
high extraction-derivatization efficiency for both analytes. Considering the optimum path 
of the response surface for both chloropropanols, (data provided in electronic supporting 
information, file 2), the optima conditions correspond to 2.5 g and 2.6 g of DE for 1,3-
 







DCP and 3-MCPD, respectively and 1.1 g of Florisil and 0.11 g of anhydrous sodium 
sulfate, for both analytes. When the global desirability function was applied to confirm 
these conditions, similar results were obtained with the most favorable 
dispersant/adsorbent amounts for both compounds. The response surface for global 
desirability is shown in Fig 1D. The optimum of global desirability was equal to 1.0. The 




VALIDATION OF THE EXTRACTION-DERIVATIZATION METHOD BY 
PLE 
 
The instrumental linearity was evaluated in the range 4-90 ng mL-1 (including six 
concentration levels in triplicate), considering the area of the peaks relative to internal 
standards using isotopically labeled analogues as surrogate standards. Concentration of 
the IS along the calibration curve was maintained constant at 30 ng mL-1 for d5-1,3-DCP 
and for d5-3-MCPD. The response functions were found to be linear with determination 
coefficient (R2) higher than 0.999. Limits of detection (LODs) and quantification (LOQs) 
of the overall method (extraction-derivatization by PLE following GC-MS) were 
calculated as the concentrations giving a signal-to-noise ratio of 3 or 10 (S/N =3 or 10), 
respectively according to the European norm EN 14573 [19] and the Eurachem`s 
recommendations [39]. LODs were 0.5 µg kg-1 for both chloropropanols while LOQs 
were 1.6 µg kg-1 for 1,3-DPC and 1.7 µg kg-1 for 3-MCPD. These values are lower than 
the quantification limit of 3 µg kg-1 for both chloropropanols in soy sauce and other food 
products reported by Abu-El-Haj et al. [40] using a clean-up alumina column, 
dichloromethane extraction, heptafluorobutyryl anhydride derivatization, and isotope 
dilution GC-MS . Moreover, the obtained limits are much lower than those established in 
the legislation [11, 12] and than the limits proposed by the European Commission for the 
official control of the levels of 3-MCPD in food samples (LOD < 5 µg kg-1 and LOQ <10 
µg kg-1) [41]. On the other hand, in order to evaluate the precision of the proposed 
method, six independent analyses were performed using spiked toasted bread samples at 
two concentration levels (20 ng g-1 and 2 µg g-1 for both chloropropanols). The results 
obtained showed relative standard deviation (RSD%) of 2.4 and 0.9 % for 20 ng g-1and 2 
µg kg -1, respectively for 1,3-DCP and 1.4 and 1.03 % for 20 µg kg-1and 2 mg kg-
1
,respectively, for 3-MCPD. These values are fully compatible with the requirements 
established by the European Commission for 3-MCPD [41]. Accuracy studies, expressed 
as % of recovery, were carried out by applying the optimized extraction-derivatization by 
PLE-GC-MS method to the extraction of a real bakery samples. Due to the possible 
matrix effect quantitative measurements in real samples usually require to apply the 
standard addition method. For this reason, three replicates of different bakery products 
(breakfast cereals, snacks, toasted bread and biscuits samples) were analyzed using 
standard addition method and IS at a concentration of 40 µg kg-1 for both 
chloropropanols. The recovery was evaluated at a concentration of 20 µg kg-1 (n = 5). 






and these initial concentrations were taken into account to calculate the recoveries. The 
recoveries were between 86.2% and 109% (Table 2) complying with the requirements of 
the European Commission for methods to analyze 3-MCPD in food samples [40]. The 
precision was also evaluated, and the RSD% values were lower than 6.3 % with an 
average value of 2.8 %. 
 
 
APPLICATION OF THE METHOD TO REAL SAMPLES 
 
To further demonstrate the utility and performance of the proposed methodology, 
different bakery products, including breakfast cereals, toasted bread, snacks and biscuits, 
were analyzed in quadruplicate and quantification was accomplished using the standard 
addition method (Table 2). The presence of chloropropanols wasnevidenced in the 
samples analyzed, but the levels found did not exceed the limit regulated for soy sauces 
and related products [11,12]. These results are in agreement with the fact that the 
moisture content of bakery products influences the chloropropanol formation process, 
since glycerol appears to be a precursor in foods with a low water content (<15%) [41]. 
Values shown in Table 2, are in the same order of magnitude as those obtained for bakery 
products reported by Hamlet [8] and Leon et al. [20]. Although the information on 1,3-
DCP in retail foods is scarce at present, data from different reports suggest that 1,3-DCP 
may be present in retail ready-to-eat processed foods including bakery products without 
3-MCPD and that can be related with the presence of dimethylamine-epichlorohydrin 
copolymer used in sugar refining [42] at levels substantially higher than those of 3-
MCPD [8]. Fig. 2 shows the SIM GC–MS chromatogram obtained for a snack sample. 
The spectrum obtained by MS confirmed the identity of the analytes detected in the 









Fig. 2. Mass chromatograms and mass spectra of snacks 1 extract containing 1,3 
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The suitability of the PLE technique for the extraction of chloropropanols from 
bakery foods has been demonstrated for first time. The use of DE as sample dispersant 
and Florisil® as clean-up sorbent, combined with simultaneous in-cell derivatization, 
allowed to obtain a ready to inject GC extract providing recoveries, better than the 
derivatization out of the cell in a longer step. The main advantages of the proposed 
methodology are the rapid and automated sample pre-treatment and the reduction of the 
sample size and handling. The sensitivity of the method is suitable for the legislation 
requirements. The results obtained will be useful for future studies aimed to determine the 
presence of chloropropanols in foods, in the total dietary intake, and their persistence and 
toxicity taking into account that it is unknown whether they are transformed into the 
human body and degraded or subjected to other processes. Application of the method to 
other matrices, such as biological ones, would also provide an interesting insight into the 
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Delta weight plots obtained using a screening design 2233//12, for 3-MCPD (A) and 1,3-
DCP (B). These graphics allowed the relative effects of a level change on the response 
variable (peak area) to be compared. The effects are shown as bars, the length of which is 
proportional to the relative magnitude of the effect, negative for bars going towards the 
left and positive for those towards the right. The dotted lines represent the statistical 
significance levels determined using the method of Lenth [37]. When the effect bars 
surpass the line, the effect of the factor level concerned on the response is statistically 
significant at a 95% confidence interval. If a coefficient is negative, the response 
decreases when the factor moves from the low to the high level; the contrary is obtained if 
the coefficient is positive. The sign and value of the coefficients allow the choice of the 
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7.1.- METODOLOGÍA DE SUPERFICIE DE RESPUESTA PARA LA 
OPTIMIZACIÓN DE LA MICROEXTRACCIÓN LÍQUIDO-LÍQUIDO 
DISPERSIVA DE CLOROPROPANOLES EN PLASMA HUMANO   
 
 
Los contaminantes emergentes, entre los que se encuentran los cloropropanoles, no 
están regulados en el sentido tradicional de tener niveles permisibles determinados para 
entornos específicos. El conocimiento actual de estos contaminantes a menudo contiene 
lagunas importantes, incluyendo su toxicidad, exposición humana, bioacumulación, 
mecanismos de transporte y biotransformación. Muchos contaminantes emergentes son 
ampliamente utilizados en bienes de consumo que se utilizan día a día dentro de la 
sociedad. Varios contaminantes emergentes se asocian con alteraciones endocrinas en los 
seres humanos o los animales. A medida que avanza en la sensibilidad de los métodos 
analíticos, estos compuestos se estudian cada vez más por investigadores y reguladores.  
Recientemente, las tendencias modernas en la química analítica son ir hacia la 
simplificación, miniaturización y reducción al mínimo de disolventes orgánicos utilizados 
en la preparación de muestras. DLLME ha sido ampliamente utilizado en el análisis de 
muchos tipos de contaminantes ambientales, en alimentos, y muestras biológicas. Debido 
a la complejidad de las matrices biológicas, la microextracción líquido-líquido dispersiva 
(DLLME) se presenta como un nuevo método que puede proporcionar buenos resultados 
en este tipo de muestras. La metodología DLLME ofrece las ventajas de bajo costo, fácil 
manejo, un alto factor de preconcentración, y rápida extracción sin requerir el uso de 
cualquier aparato.  
En esta investigación se aplicó una extracción y derivatización simultánea por UA-
DLLME combinado con GC-MS/MS por primera vez para la determinación de 
cloropropanoles en plasma humano. Los parámetros que afectan potencialmente el 
rendimiento del método de preparación de muestra (pH de la muestra, fuerza iónica, tipo 
y volumen de disolvente dispersante y extractante) se evaluaron usando diseños 
experimentales. El acetonitrilo juega un doble papel como disolvente de dispersión y 
también ayuda a precipitar proteínas y mejora la formación de un sistema de dos fases. El 
volumen de dispersante afecta a la solubilidad del disolvente de extracción en la solución 
acuosa y, por tanto, al volumen de la fase sedimentada. Con el fin de evaluar los efectos 
más amplios de estos factores, se eligió un diseño Pentágono, obteniéndose como 
condiciones óptimas: disolvente de extracción: 90 µL de triclorometano; disolvente de 
dispersión: 1,5 mL de acetonitrilo, volumen de derivatizante: 50 µL de HFBI, 30 ºC de 
temperatura de extracción y 1,7 min de tiempo de extracción en el ultrasonidos. En la 
Figura III.6 se muestra un esquema completo del proceso de extracción. 
Bajo estas condiciones óptimas, se evaluó el método propuesto. La linealidad del 
método se obtuvo en el intervalo de 5-200 ng mL-1 para el 1,3-DCP, 10-200 ng mL-1 para 
2,3-DCP y 10-400 mL-1 para 3-MCPD con los coeficientes de correlación (R2) de 0.999. 
Los límites de detección del método fueron de 0,28-3,16 ng mL-1. La precisión varió de 
2,6 - 9,9% de RSD (n = 9). También se obtuvo buena reproducibilidad y recuperación del 





ahorro de costes con una alta eficiencia de la extracción de los analitos de prueba. Tiene 
potencial de ser aplicable a muestras biológicas.  
Muestras en blanco de cuatro fuentes de plasma humanos diferentes fueron sometidas 
al procedimiento DLLME. Se analizaron todas las muestras por triplicado. No se 








Figura III.6.- Esquema del método de extracción de cloropropanoles en muestras de 
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RESPONSE SURFACE METHODOLOGY FOR OPTIMIZATION OF 
DISPERSIVE LIQUID-LIQUID MICROEXTRACTION OF 





Chloropropanols are processing toxicants with potential risk to human health due to 
the increased intake of processed foods. A rapid and efficient method for the 
determination of three chloropropanols in human plasma was developed using ultrasound 
assisted dispersive liquid-liquid micro extraction (UA-DLLME). The method involved 
derivatization and extraction in one step followed by gas chromatography-tandem mass 
spectrometry (GC-MS/MS) analysis. Parameters affecting UA-DLLME, such as sample 
pH, ionic strength, type and volume of dispersive and extraction solvents were optimized 
by Response Surface Methodology using a Pentagonal design. The linear range of the 
method was between 5 - 200 ng mL-1 for 1,3-DCP, 10 - 200 ng mL-1 for 2,3-DCP and 
10-400 ng mL-1 for 3-MCPD with the determination coefficients of 0.9997. The limits of 
detection were in the range of 0.3-3.2 ng mL−1. The precision varied from 1.9-10 % RSD 
(n=9). Recovery of the method was between 91% and 101%. Advantages such as low 
consumption of organic solvents and short time of analysis make the method suitable for 





3-Chloropropane-1,2-diol (3-MCPD), 1,3-dichloro-2-propanol (1,3-DCP) and 2,3-
dichloro-2-propanol (2,3-DCP), are the best-known components of a group of 
contaminants called chloropropanols that are formed during thermal processing and 
manufacture of certain foods [1-3]. The occurrence of chloropropanols in foodstuffs has 
aroused considerable concerns about food safety in the last years. Recent studies showed 
the presence of significant amounts of chloropropanols in bakery foods [4], soy milk [5] 
and water [6, 7]. Fatty acid esters of 3-MCPD can be also found at relatively high 
concentrations in edible oils [8, 9], oil/fat-containing foodstuffs [10, 11], infant formula 
[12] or human breast milk [13]. As observed in human intestinal barrier cell models [14] 
monoesters of chloropropanols represent a source of 3-MCPD which could be released by 
a lipase-catalysed hydrolysis reaction [2, 15]. The metabolism of 3-MCPD diesters has 
still to be elucidated in vivo [14]. Chloropropanols present genotoxic and mutagenic 
activity and controversial carcinogenicity [1, 2, 16]. As described in Office of 
Environmental Health Hazard Assessment (OEHHA), 3-MCPD and 1,3-DCP have been 
tested in multiple rodent carcinogenicity studies employing various routes of exposure 
and significantly increased the incidences of benign and malignant tumors at multiple 
sites [17, 18]. However, the potential adverse effects on humans remain unresolved and 
accurate methods of exposure assessment are urgently needed. The Food Chemical Codex 





proteins) to not more than 1 and 0.050 µg mL−1, respectively [19] and Commission 
Regulation (EC) has established maximum levels of 0.02 mg kg−1 for free 3-MCPD in 
HVP and soy sauce [20]. There is no EU regulation for the other chloropropanols.   
Several studies have reported the presence of chloropropanols in food [3], but there is 
still a paucity of information about the presence of these compounds in biological 
matrices, such as human plasma. Thus, efficient analytical methods for the extraction and 
determination of chloropropanols in biological samples are demanded. There is only one 
method for 3-MCPD determination in rat blood and urine, which involves conventional 
sample preparation technique based on silica gel column extraction using ethyl acetate as 
elution solvent [21]. The aim of the present study was to develop a sensitive and selective 
method to simultaneous determination of three cloropropanols in human plasma using 
ultrasound assisted dispersive liquid–liquid micro extraction (UA-DLLME) followed by 
GC-MS/MS analysis. To do that, we propose a miniaturized sample preparation approach 
based on Dispersive Liquid–Liquid Microextraction (DLLME), a technique introduced by 
Rezaee in 2006 [22]. This is an environmental-friendly technique, because it is fast, 
inexpensive, easy to operate with a high enrichment factor, and consumes low volume of 
organic solvent [23]. It is based on a ternary component solvent system, in which a 
dispersive solvent, miscible with the aqueous solution and extractant solvent, is added; a 
water/dispersive solvent/extractant solvent emulsion system is thus formed. Target 
analytes could be transferred very fast from the aqueous phase to extraction solvent with 
the assistance of dispersive solvent [23-25]. This technique was so far applied in analysis 
of 3-MCPD, 1,3-DCP and 2,3-DCP in milk, soy beverages and fruit juices [5]. Zhao et al. 
reported a dispersive microextraction using water-coated Fe3O4 as extractant to extract of 
3-MCPD from edible oils [26]. In our study, derivatization, with N-
heptafluorobutyrylimizadole (HFBI) and extraction was developed in a single step. 
Several factors affecting the extraction efficiency and derivatization were evaluated and 
optimized by experimental design. Validation parameters such as linearity, precision, 
limits of detection, and quantification were determined and discussed. To our knowledge, 
this is the first paper describing a DLLME methodology suitable to face up to the demand 
for biomonitoring analysis of chloropropanols. 
 
 
7.1.2.- MATERIALS AND METHODS 
 
STANDARDS AND MATERIAL 
 
1,3-Dichloropropanol, 98% from Sigma-Aldrich (Steinheim, Germany); 2,3-
dichloropropanol, 98% from Sigma-Aldrich (Steinheim, Germany); 3-chloro-1,2-
propanediol, 98 % from Sigma-Aldrich (Steinheim, Germany); 1,3-dichloropropanol-d5 
(1,3-DCP-d5) (98.8% atom % D) and 3-chloro-1,2-propane-d5-diol (3-MCPD-d5) (99,4 
% D) used as internal standard (IS) by C/D/N Isotopes (Pointe-Claire, Quebec, Canada); 
N-heptafluorobutyrylimizadole (HFBI), 97 % from Sigma-Aldrich (Steinheim, 
Germany); HPLC-grade acetonitrile (ACN) were supplied by Merck (Darmstadt, 






ultrapure water was processed through a Milli-Q UV plus system (Millipore, Bedford, 
MA, USA). Glass tubes (12 mL volume) with a conical bottom and a screw cap, 
furnished with a polytetrafluoroethylene (PTFE)-lined septum, were acquired from Afora 
(Barcelona, Spain). Commercially available cartridges, Sep-Pak Florisil (500 mg, 3 mL), 
Sep-Pak C18 (500 mg, 3 mL), Sep-Pak Alumina-N (500 mg, 3 mL) and Sep-Pak Silica 
(500 mg, 3 mL) SPE cartridges were from Waters® (Milford, MA, USA) while 
Supelclean Envi-carb (250 mg, 3 mL) SPE cartridges were from Sigma-Aldrich. 
 
 
PREPARATION OF STANDARD SOLUTIONS AND SAMPLES 
 
Standard stock solution containing 10000 µg mL-1 of each chloropropanol (5000 µg 
mL-1 for standard labelled analogues) was prepared in ultrapure water and stored at 4 °C. 
Working standards of chloropropanols were prepared daily by diluting stock solution with 
ultrapure water and stored at 4 °C until analysis. Different human plasma samples were 
obtained from Galician Transfusion Centre (Santiago de Compostela, Spain). The 
samples were stored in sterilized bottles at 4 ºC until use. If the analysis was delayed, the 
plasma samples were frozen. All studies were performed in accordance with the World 






A gas chromatograph (Bruker SCION TQ) hyphenated to triple quadrupole mass 
spectrometer and attached to an autosampler (Bruker, Billerica, MA, USA) was used for 
analysis of samples. Chromatographic separation was achieved with a Bruker Br5-MS 
capillary column (30 m×0.25 mm i.d., 0.25 µm film thickness). Helium (purity, 99.999%, 
Carburos Metálicos) was used as carrier gas at a constant flow rate of 1.2 mL min-1 
throughout the chromatographic run time. The sample injection was performed at 280 °C 
in splitless mode. The split flow was set at 1.2 mL min−1 after 1 min, and the injected 
volume was 1 µL. The oven temperature program consisted in the following steps: an 
initial temperature of 60 °C maintained for 2 min, increasing to 100 °C at a rate of 20 °C 
min−1, maintained for 9 min, and a ramp to 300 °C at a rate of 30 °C min−1, where the 
final temperature of 300 °C was held for 5 min. The total time for analyzing one sample 
was approximately 7 min. The transfer line temperature was 280 °C. The molecules were 
ionized by an electronic impact source (EI) with an ionizing energy of 70 eV, in positive 
ion mode, heated at 250 °C. The analysis was performed in the multi reaction monitoring 
(MRM) mode, which was based on MS/MS transitions. The optimum collision energy 
(CE) is indicated for each MRM transition [5]. For quantitative purposes, the following 
transitions were selected: 278 >169 m/z (CE, 10 eV) for d5-1,3-DCP (IS); 275 > 169 m/z 
(CE, 10 eV) for 1,3-DCP;  253 > 169 m/z (CE, 10 eV) for 2,3-DCP; 294 > 79 m/z (CE, 5 
eV) for d5-3-MCPD; and 289 > 75 m/z  (CE, 5 eV) for 3-MCPD. For quanlitative 





10 eV);  275 > 69 m/z (CE, 10 eV) and 275 > 81 m/z (CE, 20 eV)  for 1,3-DCP; 253 > 69 
m/z (CE, 10 eV) and 253 > 225 m/z (CE, 5 eV) for 2,3-DCP; 294 > 84 m/z (CE, 10 eV) 
for d5-3-MCPD; and 289 > 81 m/z (CE, 10 eV) for 3-MCPD. Under the chromatographic 
conditions used, the retention times of the chloropropanols ranged between 4.757 for d5-
1,3-DCP and 5.573 for 3-MCPD. The system was operated by MS Workstation, version 
8.0, software. After several initial runs to identify the retention time window and MS/MS 
transitions for each compound, the optimal scan time (80 ms for each analyte) and dwell 
time for each MRM was calculated based on the average peak width and automatically set 
by the software based on consideration of all overlapping retention time windows. 
 
 
DISPERSIVE LIQUID–LIQUID MICROEXTRACTION 
 
To denature the plasma proteins, a suitable volume of ACN was used [28-30]. 1.5 
mL of ACN was added to 1 mL plasma and the proteins were precipitated and 
subsequently, the mixture was centrifuged at 3500 rpm for 5 min. The supernatant 
solution, containing ACN (dispersive solvent) was subjected to a solid-phase extraction 
(SPE) clean-up process using an Envi-carb cartridge. 90 µL CHCl3 (extraction solvent) 
and 50 µL of HFBI (derivatization reagent) was added to eluate. Then, this solution was 
rapidly injected into a conical test tube, containing 7 mL of water. The cloudy solution 
was kept in an ultrasonic bath for 1.7 min at 30 ºC and the phase separation was obtained 
by centrifugation at 3500 rpm for 5 min. The sedimented phase volume (50 µL) was 





An equiradial pentagonal design was the most economical tool to optimize two 
factors that could not be fixed at the previous stage of optimization, using different levels. 
Then, response surface methodology (RSM) was applied to investigate the extraction 
solvent volume and ultrasound time affecting the extraction process [31]. The matrix 
involved 8 runs including three central points. All experiments were performed randomly 
to minimize the effects of uncontrolled factors that may introduce bias. CHCl3 volume 
was studied at four levels (60, 80, 88, 105 µL). The influence of ultrasound time on the 
extraction and derivatization of the target analytes was studied at five levels (1, 1.8, 3, 
4.2, 5 min). Surface response was obtained fitting the data to a polynomial model, which 
general form was: 
 

















where (y) is the calculated response function (the peak area obtained from GC-MS/MS 






coefficient estimates. The constant term b0 is the mean response for all the experimental 
runs [31].  
Desirability functions, based on partial Derringer functions [31] were included in the 
experimental design methodology to find the experimental optimal conditions of 
compromise so that each one of the responses is within an acceptable range. Each 
response was transformed to a dimensionless partial desirability function, di, which varies 
from zero (undesirable response) to one (optimal response), without additional 
experiments. The overall objective function D representing the global desirability 
function is defined as the weighted geometric average of n individual desirability 
functions. 
Experimental design building, the results evaluation and the desirability functions for 




7.1.3.- RESULTS AND DISCUSSION 
 
OPTIMIZATION OF UA- DLLME CONDITIONS 
 
To optimize the UA-DLLME procedure, important experimental parameters with 
influence on the extraction performance should be carefully investigated. Selection of 
dispersive solvent, extraction solvent and ultrasound bath temperature suitable to 
accelerate derivatization reaction, and HFBI volume was made taking into account 
previous work [5]. Efficient conditions for chloropropanols extraction and derivatization 
were ACN as dispersive solvent, CHCl3 as extraction solvent and 30 ºC and 50 µL of 
HFBI. In all experiments plasma samples were spiked with 200 ng mL-1 of 
chloropropanols standards and IS. 
In a first step, the mixture obtained after the plasma protein precipitation with ACN 
was purified passing through a SPE column. In this procedure, different clean-up 
sorbents, such as Florisil, C18, silica, alumina and Envi-carb, were tested. All the 
experiments were performed in triplicate and the mean of the results were used for 
optimization. Silica provided unclean extracts that resulted unsatisfactory yellow drop in 
DLLME. Envi-carb cartridges provided more efficient clean-up than other phases and 
high peak areas were obtained (Fig. 1a). Furthermore, a lower signal background was 
observed, which led to good shape of the chromatographic peaks and avoided column 
damage.   
ACN was used as dispersive solvent and also assisted to precipitate proteins and 
improved the formation of a two-phases system. The volume of dispersive solvent 
affected the solubility of the extraction solvent in the aqueous solution and, thus, the 
volume of sedimented phase [22, 23]. For obtaining the optimum volume of ACN, 
experiments (n=3) were carried out using 1, 1.5 and 2 mL of ACN. Using 1mL of ACN, 
small volume and dirty drop sample was obtained, which was not injected into the GC 
system. In the cases of 1.5 and 2 mL ACN (data not shown), the results indicated that the 





solubility of the analytes in this phase. Thus, the optimum volume for the extraction of 
chloropropanols from plasma samples was fixed at 1.5 mL ACN. 
The effect of ionic strength was studied by adding different amounts of NaCl (0, 0.5 
and 1 g) to the sample solution. When NaCl was added, no drop formation occurred (data 
not shown), due to the probable increase in the viscosity of the aqueous phase, which 
decelerates the mass transfer kinetics. This remark has also been reported in other studies 
[5, 33]. Consequently, no salt was added in subsequent experiments. 
Chloropropanols pKa is in the 12.9 to 13.3 range. Thus, at pH lower than 10, these 
molecules are mainly in the protonated form. In order to achieve the optimized 
conditions, three replicate experiments were carried out within the pH range of 3–10. 
According to the obtained results (Fig. 1b), the highest peak areas were obtained at pH 7, 
i.e., at pH value close to the plasma one. Therefore, no sample pH adjustment was carried 
out in subsequent experiments. 
The effects of CHCl3 volume and ultrasound time were simultaneously studied and 
optimized using experimental design. The model coefficients were calculated by least-
squares linear regression and validated by ANOVA. A Pentagonal design was chosen to 
evaluate the effects of these factors. The magnitud of coefficients (Table S1, in 
supporting information) indicate that CHCl3 volume (b1) was statistically significant (p < 
0.05) for all the chloropropanols with a negative effect on extraction procedure, whereas 
ultrasound time (b2) (p < 0.05) was only statistically significant for 1,3-DCP. The 
interaction between both factors and the quadratic effect of each factor were not 
statistically significant. The application of RSM revealed a different tendency for the 
chloropropanols derivatization-extraction conditions (response surfaces for 1,3-DCP, 2,3-
DCP and 3-MCPD are shown in Fig. 2a, b and c). The maximum peak area responses 
were obtained when low volumes of extraction solvent but different ultrasound times 
were used for each analyte. Low or high levels of ultrasound time were valid for 3-MCPD 
derivatization-extraction whereas high or any values were required for 2,3-DCP and 1,3-
DCP, respectively. To find the best-compromise conditions, a multicriteria optimization 
approach based on desirability functions was applied without additional experimentation. 
A three-dimensional plot of the isodesirability is shown in Fig. 2d. Optimal numerical 


















Table S1: Estimates of the model coefficients for Pentagonal design used in the UA-





1,3-DCP 2,3-DCP 3-MCPD 
b0 2078670.333 (0.000717) 114224.000 (0.000462) 72310.000 (0.00323) 
b1 -1187936.351 (0.00263) -24039.330 (0.0123) -21437.238 (0.0416) 
b2 -290901.407 (0.0413) -2795.325 -6573.338 
b11 399288.018 5762.330 6895.238 
b22 324691.394 15243.900 13924.616 




ANALYTICAL PERFORMANCE  
 
Under the optimal conditions described in section 2.4, the derivatization-UA-
DLLME method was validated in terms of linearity, limits of detection (LODs) and 
quantification (LOQs) and precision, using fortified human plasma samples, in which 1,3-
DCP, 2,3-DCP and 3-MCPD had not been detected. Results are shown in Table 1. 
Calibration curves of each chloropropanol were prepared at five levels in triplicate. The 
matrix effects were corrected with standard addition calibrations using isotopically 
labelled analogues as internal standards. The concentration of the IS along the calibration 
curve was maintained constant at 20 ng mL-1 for d5-1,3-DCP and at 100 ng mL-1 for d5-
3-MCPD. The linearity range of concentrations varied between 5 and 400 ng mL−1. The 
determination coefficients (R2) ranged from 0.9997 to 0.9998. The LOD and LOQ values 
were calculated based on signal-to-noise ratio (S/N) of 3 and 10, respectively according to 
the European norm EN 14573 [34] and the Eurachem’s recommendations [35]. The 
LODs achieved ranged between 0.3 and 3.2 ng mL−1, and LOQs ranged between 0.9 ng 
mL−1 for 3-MCPD and 10 ng mL−1 for 2,3-DCP. The precision of the method was 
evaluated by analyzing plasma samples spiked at four concentrations levels for 1,3-DCP 
and 3-MCPD; and three concentrations levels for 2,3-DCP. The results of the intra-day 
and inter-day precision (n=9 independent analysis) are reported in Table 1. The percent 








Fig.1. Effect of SPE sorbent (a) and effect of the sample pH (b) on UA-DLLME with 
in situ derivatization of chloropropanols from human plasma. Sample, 1 mL of 
spiked (200 ng mL-1 of chloropropanols) plasma; dispersive solvent (ACN), 2 mL; 
extraction solvent (CHCl3), 100 µL; derivatization reagent (HFBI), 50 µL; 










Fig. 2. Estimated response surfaces for 1,3-DCP (a), 2,3-DCP (b) and 3-MCPD  (c) 
versus extraction solvent volume and ultrasonic time. Overall desirability function 



















































































 Internal Standards: 20 ng mL-1 for d5-1,3-DCP and 100 ng mL-1 for d5-3-MCPD.  
b




APPLICATION OF UA-DLLME-GC-MS/MS METHOD TO PLASMA 
SAMPLES 
 
The method was applied to the analysis (in triplicate) of three chloropropanols in four 
real human plasma samples. These samples were pretreated as described in section 2.4, 
extracted using UA-DLLME method and analyzed by GC-MS/MS. Chloropropanols were 
not detected in the human plasma samples analyzed. No interference peaks were observed 
at the same time window as the target analytes.  In order to evaluate the accuracy of the 
method, a recovery study (n=4) was carried out by spiking one plasma sample at four 
concentration levels for 1,3-DCP and 3-MCPD; and three concentration levels for 2,3-
DCP, with a known amount of each chloropropanol (Table 2). The recovery values were 
in the range 93–101% for 1,3-DCP, 97-99% for 2,3-DCP and 91–100% for 3-MCPD. Fig. 
S1 shows the MRM chromatograms of the quantitation and qualification transitions 
corresponding to a plasma sample spiked at 100 ng mL-1 (20 ng mL-1 for d5-1,3-DCP) 
under the most favorable extraction conditions as described above. 
Although chloropropanols were not found in the plasma samples of the four 
individuals tested, this cohort is too limited to be representative of the overall population.  
In fact, it is estimated that dietary exposure of infants and adults to 3-MCPD esters 
(calculated as free 3-MCPD) is 5–20 times as much as TDI of 2 µg kg-1 body weight per 
day adopted by Joint FAO/WHO JECFA in 2001[36]. The dietary exposure to 1,3-DCP is 











Table 2. Extraction recoveries and %RSD of chloropropanols in plasma by UA-
DLLME-GC-MS/MS method  
 
Analyte Concentration 
added (ng mL-1) 
Concentration 
founded (ng mL-1) 
Recovery 


































































A fast analytical methodology (derivatization-UA-DLLME-GC-MS/MS) was 
developed for the extraction and analysis of chloropropanols in human plasma samples. 
The proposed method is simple because derivatization with HFBI and extraction are 
carried out in one step. Other advantages compared to conventional procedures include 
less time-consuming, low cost, reduces the organic solvent consumption, sample amount 
requirement and analysis time. Excellent figures of merit were obtained for all the 
analytes under the optimal conditions. The LOQs are quite low and adequate to determine 
chloropropanols at trace levels in plasma samples. The established method is useful to 
quantify these compounds and serve as promising alternative to existing extraction 
methodology for chloropropanols in complex matrices. Moreover, this method is suitable 
for quantification of these processing contaminants for the occurrence data collection for 





























Figure S1. MRM chromatograms of a spiked plasma sample at 100 ng mL-1 
extracted under the most favorable DLLME-GC-MS/MS conditions (a) d5-1,3-DCP, 
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SECCIÓN IV. CONCLUSIONES 
 
Las metodologías analíticas desarrolladas para la determinación de cloropropanoles 
a lo largo de la presente memoria han demostrado ser adecuadas para el análisis de estos 
compuestos en muestras acuosas de complejidad variable, muestras sólidas y muestras 
biológicas y constituyen, además, una alternativa atractiva a los métodos ya disponibles 
para el análisis de estos compuestos. Además hay que destacar la novedad de los 
procedimientos optimizados ya que técnicas de preparación de muestra no se habían 
aplicado con anterioridad a estos analitos. 
Dada la necesidad de derivatizar los compuestos para su determinación por GC-
MS, se ha tratado de integrar, siempre que ha sido posible, la etapa derivatización en el 
proceso de extracción estudiando la viabilidad de diferentes reactivos derivatizantes. 
Los métodos propuestos son, en general, sencillos y con un bajo consumo de 
disolventes. Sus características analíticas tales como recuperaciones, precisión o LOQs 
mejoran las de otros métodos descritos en la bibliografía. 
El estudio de las variables relacionadas con los diferentes procesos de extracción se 
ha apoyado en la Quimiometría. Así, utilizando diseños de experimentos y optimización 
multicriterio (funciones de deseabilidad) se reduce el número de experiencias a realizar 
(menor coste y tiempo) y se consigue la máxima eficacia evaluando los factores 
influyentes y sus interacciones. 
A continuación, se destacan las conclusiones más relevantes que se desprenden de 
los resultados obtenidos en cada uno de los trabajos. 
 
 
1.- DETERMINACIÓN DE CLOROPROPANOLES EN MUESTRAS 
LÍQUIDAS 
 
Se han desarrollado y validado tres métodos de extracción: Microextracción en fase 
sólida (SPME), extracción en fase sólida (SPE) y microextracción líquido-líquido 
dispersiva (DLLME), utilizando la cromatografía de gases y espectrometría de masas 
para la determinación de cloropropanoles en muestras líquidas. 
 
 
Determinación de 1,3-dicloro-2-propanol en agua mediante microextracción en 
fase sólida seguida de la derivatización en la fibra con 
bis(trimetilsilil)trifluoroacetamida 
 
En este trabajo se describe detalladamente el desarrollo y validación de un método 
de microextracción en fase sólida en espacio de cabeza (HS-SPME) seguido de 
cromatografía de gases acoplada a espectrometría de masas en tándem (GC-MS/MS) 
para la identificación y cuantificación de 1,3-DCP tras su derivatización on-fiber con 






 El analito se extrae fácilmente mediante la simple exposición del recubrimiento 
de fibra (CAR/PDMS/DVB) al espacio de cabeza sobre 5 mL de muestra. La 
derivatización on-fiber del compuesto mediante reacción con BSTFA resultó 
imprescindible. Las condiciones óptimas operacionales de la extracción y 
derivatización de 1,3-DCP en muestras de agua han sido: 
 Temperatura de extracción (adsorción): 25 ºC 
 Tiempo de extracción (adsorción): 30 minutos 
 Temperatura de derivatización: 25 ºC 
 Tiempo de derivatización: 15 minutos 
 pH: 4 
 Agitación (700 r.p.m.) 
 Adición de NaCl: 1,3 g 
 
 El método HS-SPME-GC-MS/MS es muy sensible y selectivo para la 
determinación del compuesto estudiado en muestras acuosas. La recta de 
calibración muestra un rango lineal entre 1-100 ng mL-1 con un coeficiente de 
determinación superior a 0,9996 para el compuesto de interés. Los límites de 
detección y de cuantificación son muy bajos, alcanzándose los ng/mL. Así se ha 
obtenido un LOD de 0,43 ng mL-1 y un LOQ de 1,43 ng mL-1. 
 La reproducibilidad del método se ha estudiado a dos niveles de concentración 
(10 ng mL-1y 50 ng mL-1), obteniéndose resultados excelentes de precisión. Los 
coeficientes de variación fueron inferiores al 8 % para ambos niveles. 
 La exactitud se ha estudiado en términos de % de recuperación obtenida 
mediante el método de la adición estándar. Los resultados obtenidos en este 
apartado son muy satisfactorios, con recuperaciones entre 95 y 103 % para el 
compuesto estudiado. 
 El método propuesto ha sido aplicado, con éxito, a varias muestras reales: aguas 
de bebida embotellada, agua de grifo clorada, agua de río y agua de afluente y 
efluente de depuradora de una industria papelera. Para realizar el análisis se 
utilizó el método de adición estándar y se comprobó la presencia de 1,3-DCP en 
dos de las muestras evaluadas, agua de afluente de depuradora de una fábrica de 
papel y agua de río. En ambos casos se han obtenido valores superiores al LOQ 
pero inferiores al límite de la única legislación vigente hasta el momento para 
1,3-DCP en aguas, que es de 10 ng mL-1. 
 
 
Extracción en fase sólida combinada con la cromatografía de gases-
espectrometría de masas para la determinación de cloropropanoles en agua 
 
En este estudio se ha desarrollado y validado un método de extracción en fase 
sólida (SPE) seguido de cromatografía de gases acoplada a espectrometría de masas 
(GC-MS) para la identificación y cuantificación de 1,3-DCP y 3-MCPD tras su 
derivatización con BSTFA en muestras de agua. Las conclusiones que se pueden extraer 





 Previamente al desarrollo del método SPE-GC-MS se llevó a cabo el estudio y 
optimización de las reacciones de derivatización con BSTFA y HFBI. Ambos 
agentes derivatizantes proporcionan resultados satisfactorios  para la extracción 
de los analitos a estudiar. Tras estudiar la estabilidad de los compuestos 
derivatizados con estos agentes, y comprobar que BSTFA ofrece unos mejores 
resultados,  se ha tomado la decisión de realizar el trabajo posterior con BSTFA. 
 El acoplamiento GC-MS proporciona un método muy sensible y selectivo para 
la determinación de los compuestos estudiados. Se ha profundizado en el estudio 
de las rutas de fragmentación de cada compuesto con el objetivo de facilitar la 
identificación y cuantificación de los analitos. Las rectas de calibración 
muestran un rango lineal entre 8,5-91,1 ng mL-1 con un coeficiente de 
determinación de 0,999 para los compuestos de interés. Los límites de detección 
y cuantificación son muy bajos, alcanzándose pocos ng mL-1.  
 Los analitos se extraen fácilmente mediante su retención en una fase sólida 
como es Oasis HLB® seguida de la elución con acetato de etilo. La 
derivatización con BSTFA resultó imprescindible para su determinación 
mediante GC-MS. Las condiciones óptimas operacionales para la extracción y 
derivatización han sido: 
 Extracción con cartuchos OASIS HLB 60 mg (3 mL)  
 Paso de muestra con adición de sal. 
 Lavado del cartucho con 2 mL de agua Milli-Q. 
 Elución del cartucho con 2 mL de acetato de etilo. 
 Reacción de derivatización con BSTFA. 
 El método SPE-GC-MS es muy sensible y selectivo para la determinación de los 
compuestos estudiados en muestras acuosas. La recta de calibración muestra un 
rango lineal entre 5-53,1 ng mL-1 para 1,3-DCP y de entre 34,5-216 ng mL-1 
para 3-MCPD con coeficientes de determinación de 0,999. Los límites de 
detección y de cuantificación son muy bajos, alcanzándose los ng mL-1. Así se 
han obtenido un LOD de 1,45 ng mL-1 y un LOQ de 4,83 ng mL-1 para 1,3-DCP 
y un LOD de 11,25 ng mL-1 y un LOQ de 37,50 ng mL-1 para 3-MCPD. 
 La reproducibilidad del método se ha estudiado a dos niveles de concentración 
obteniéndose resultados excelentes de precisión. Los coeficientes de variación 
fueron inferiores al 4 % para ambos niveles. 
 La exactitud se ha estudiado en términos de % de recuperación obtenida 
mediante el método de la adición estándar. Los resultados obtenidos en este 
apartado son muy satisfactorios, con recuperaciones entre 99 y 105 % para el 
compuesto estudiado. 
 El método propuesto ha sido aplicado, con éxito, a varias muestras reales: aguas 
de bebida embotellada, agua de grifo clorada, agua de río y agua de influente y 
efluente de depuradora de una industria papelera. Para realizar el análisis se 
utilizó el método de adición estándar y se comprobó la presencia de1,3-DCP en 
cuatro de las muestras evaluadas, agua de influente y efluente de depuradora de 
una fábrica de papel y aguas de río de zona rural y zona urbana. Aunque cuatro 






procedente de la depuradora de una industria papelera y agua de río de zona 
urbana) superan el límite de la única legislación vigente hasta el momento para 
1,3-DCP en aguas, que es de 10 ng mL-1. 
 
 
Microextracción líquido-líquido dispersiva asistida por ultrasonidos con 
derivatización simultánea para la deteminación de cloropropanoles en leche de 
soja y otras matrices acuosas combinada con cromatografía de gases-
espectrometría de masas 
 
La metodología desarrollada en este capítulo es simple, requiere una manipulación 
mínima de la muestra, conlleva un consumo reducido de disolvente y su coste es muy 
asequible. 
Se realizó la optimización de las condiciones de extracción de los compuestos 
mediante DLLME, así como la derivatización simultánea con HFBI, seleccionando los 
disolventes utilizados como dispersante y extractante. De este modo se ha conseguido 
realizar en una sola etapa la extracción y derivatización de los cloropropanoles, lo cual 
implica un ahorro de esfuerzo y tiempo. 
La extracción y derivatización en un solo paso mediante UA-DLLME seguido por 
el análisis mediante GC-MS o GC-MS/MS se han desarrollado y aplicado con éxito a la 
determinación de los cloropropanoles en muestras líquidas que incluyen agua, zumo de 
frutas, leche, leche de soja y bebidas de soja. Este estudio constituye la primera 
aplicación de DLLME al análisis de cloropropanoles en bebidas de soja comerciales.  
 
Las conclusiones que se pueden extraer del trabajo son las siguientes: 
 
 El acoplamiento GC-MS y GC-MS/MS proporciona métodos muy sensibles y 
selectivos para la determinación de los compuestos estudiados. Se estudió el 
rango lineal de concentraciones para analito obteniéndose coeficientes de 
correlación entre de 0,9990 y 0,9999 para los compuestos de interés. Los límites 
de detección obtenidos fueron: 0.2-1.8 µg mL-1 (aguas), 0.5-15 µg mL-1 (zumos 
de frutas), 0.9-3.6 µg Kg-1 (leche) y 0.1-1.0 µg Kg-1 (leche de soja). 
 
 Los analitos se extraen fácilmente mediante DLLME. La derivatización con 
HFBI resultó imprescindible para su determinación cromatográfica. Las 
condiciones óptimas de extracción obtenidas mediante diseño de experimentos 
son: 
 Para agua y zumos de frutas: 
 Volumen de disolvente dispersante: 0,9 mL de acetonitrilo. 
 Volumen de disolvente extractante: 60 µL cloroformo. 
 Volumen de derivatizante: 50 µL de HFBI. 
 Agitación en ultrasonidos a 40º C durante 5 minutos. 
 Centrifugación durante 5 minutos a 3600 r.p.m. 





 1,8 g de NaCl 
 
 Para leche, leche de soja y bebidas de soja: 
 Volumen de disolvente dispersante: 2 mL de acetonitrilo. 
 Volumen de disolvente extractante: 100 µL cloroformo. 
 Volumen de derivatizante: 50 µL de HFBI. 
 Agitación en ultrasonidos a 30º C durante 5 minutos. 
 Centrifugación durante 5 minutos a 3600 r.p.m. 
 Volumen de muestra: 1 mL  
 
 La reproducibilidad del método se ha estudiado a dos niveles de concentración 
obteniéndose muy buenos resultados de precisión. Los coeficientes de variación 
fueron inferiores al 9,3 % para ambos niveles. 
 
 La exactitud se ha estudiado en términos de % de recuperación. Los resultados 
obtenidos en este método son muy satisfactorios, con recuperaciones entre el 97 
y el 105 % para los compuestos estudiados. El método propuesto ha sido 
aplicado con éxito a muestras de agua, zumo de frutas, leche, leche de soja y 
bebidas de soja demostrando su viabilidad para ser aplicado en la producción 
industrial de alimentos. No se encontraron evidencias de cloropropanoles en 
zumos de frutas, leche desnatada y bebidas de soja. En las muestras de agua sólo 
se encontraron evidencias de 1,3-DCP en el efluente de aguas residuales de 
procedente de una EDAR urbana aunque por debajo de la única legislación 
vigente en Europa (10 mg mL-1). Se encontraron trazas de 3-MCPD en nueve 
muestras de leche de soja  presentando siete de ellas concentraciones superiores 
a los límites establecidos para salsas de soja y productos relacionados (20 µg Kg-
1). Además también se encontraron evidencias de 2,3-DCP en tres muestras de 




2.- DETERMINACIÓN DE CLOROPROPANOLES EN MUESTRAS 
SÓLIDAS 
 
La principal meta de este estudio ha sido proponer una metodología analítica que 
proporcione resultados satisfactorios y que permita realizar la determinación de los 
cloropropanoles estudiados en matrices alimentarias complejas como pan, galletas y 
otros derivados, minimizando el tiempo de análisis, el uso de disolventes orgánicos y la 
cantidad de muestra, sin que ello afecte a la calidad del resultado final. Para ello se ha 








Determinación de cloropropanoles en alimentos mediante extracción con 
líquidos presurizados con la extracción-derivatización en una sola etapa y 
cromatografía de gases-espectrometría de masas 
 
La metodología propuesta detallada el desarrollo y validación de un nuevo método 
de extracción con disolventes presurizados (PLE) con derivatización integrada en la 
celda de extracción, seguido de la separación y determinación mediante cromatografía 
de gases acoplada a espectrometría de masas (GC-MS) para la identificación y 
cuantificación de 1,3-DCP y 3-MCPD en matrices alimentarias. 
Se ha realizado la optimización de las condiciones de extracción de los compuestos 
mediante PLE, así como la derivatización in situ con BSTFA, y cantidades de 
adsorbentes adsorbentes y dispersantes añadidos a la celda. De este modo se ha 
conseguido realizar en una sola etapa la extracción y derivatización de los 
cloropropanoles, así como la purificación de los extractos, con el consiguiente ahorro de 
esfuerzo y tiempo. 
Las conclusiones que se pueden extraer son las siguientes: 
 El acoplamiento GC-MS proporciona un método muy sensible y selectivo para 
la determinación de los compuestos estudiados.  
 Las rectas de calibración muestran un rango lineal entre 10-100 ng mL-1 con 
coeficientes de correlación superiores a 0,9994 para ambos compuestos. Se han 
obtenido límites de detección de 0,486 y 0,51 ng g-1  y cuantificación de 1,62 y 
1,69 ng g-1 para 1,3-DCP y 3-MCPD, respectivamente. 
 La repetibilidad del método se ha estudiado a dos niveles de concentración 
(2000 ng g-1 y 20 ng g-1), obteniéndose resultados excelentes de precisión. Los 
coeficientes de variación fueron inferiores al 2,4 %. 
 La exactitud se ha estudiado en términos de % de recuperación. Los resultados 
obtenidos en este apartado son muy satisfactorios, con recuperaciones entre el 79 
y el 87 % para los compuestos estudiados. 
 Los analitos se extraen fácilmente de la matriz de pan. La derivatización con 
BSTFA resultó imprescindible para su determinación mediante GC-MS. Las 
condiciones operacionales para llevarlo a cabo han sido: 
 Programa de extracción: 
 Tiempo de extracción estática: 3 minutos 
 Temperatura: 70 ºC 
 Presión: 1500 psi 
 %Flush: 80%  
 Purga: 90 segundos 
 Ciclos: 1 
 Disolvente: acetato de etilo 
 Volumen BSTFA: 70 µL 
 Cantidades de adsorbentes y dispersantes en la celda: 
 Sulfato sódico anhidro: 0,1 g 
 Florisil: 1 g 






En la mayoría de las muestras analizadas se ha observado efecto matriz por lo que 
la cuantificación ha tenido que llevarse a cabo a través del método de adiciones 
estándar. La aplicación del método a muestras alimentarias se ha realizado con éxito en 
galletas, snacks, pan y cereales. Las recuperaciones obtenidas oscilan entre 78% y 89% 
para el 1,3-DCP y 3-MCPD. En las muestras estudiadas no se han encontrado niveles de 
cloropropanoles superiores a los límites legislados aunque sí se ha detectado su 
presencia a niveles más bajos. 
 
 




Metodología de superficie de respuesta para la optimización de la 
microextracción líquido-líquido dispersiva de cloropropanoles en plasma humano  
 
Se propone el primer método para la determinación de estos compuestos en plasma 
humano, que reduce drásticamente el consumo de disolventes, la manipulación de 
muestra y el volumen de muestra necesario para el análisis consiguiendo un elevado 
grado de concentración de los analitos. Otra de sus características diferenciadoras es la 
rápida cinética de extracción. Este trabajo constituye la primera aplicación de UA-
DLLME-GC-MS/MS a la determinación de los cloropropanoles en muestras de plasma 
humano. El aislamiento de los analitos a partir de muestras blanco de plasma se 
optimizó con precisión y el procedimiento fue validado.  
 Las condiciones óptimas de extracción se obtuvieron mediante el uso de diseño 
de experimentos obteniéndose los siguientes resultados: 
 Volumen de disolvente de extracción: 90 µL de triclorometano 
 Volumen de disolvente de dispersión: 1,5 mL de acetonitrilo 
 Volumen de derivatizante: 50 µL de HFBI 
 Temperatura de extracción: 30 ºC 
 Tiempo de extracción en ultrasonidos: 1,7 min 
 
 La linealidad del método se obtuvo en el intervalo de 5-200 ng mL-1 para el 1,3-
DCP, 10-200 ng mL-1 de 2,3-DCP y 10-400 de 3-MCPD ng mL-1 con 
coeficientes de determinación (R2) de 0.999. Los límites de detección del 
método fueron de 0,28-3,16 ng mL-1.  
 La precisión del método se estudió a cuatro niveles de concentración, 
obteniéndose una alta precisión con valores inferiores al 10 %. 
 La exactitud del método estudiada en términos de recuperación presenta valores 
entre 90,5-99,8 %. 
 El método establecido se aplicó a la determinación de los cloropropanoles en 
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a  b  s  t r  a  c t
Pressurized  liquid extraction  (PLE) is  an exhaustive technique  used for the  extraction of analytes  from
solid  samples.  Temperature,  pressure,  solvent  type  and  volume,  and the addition of  other  reagents notably
influence  the efficiency  of the  extraction.  The  analytical  applications  of this technique  can  be  improved
by  coupling  with  appropriate derivatization  reactions.  The  aim of this review  is  to discuss  the recent
applications  of  the sequential combination  of PLE with derivatization  and  the approaches  that  involve
simultaneous  extraction  and  in situ derivatization. The potential  of  the  latest  developments to the  trace
analysis of environmental,  food and biological  samples  is also  analyzed.
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1. Introduction
The different physicochemical characteristics of the analytes
and the complexity of the matrices make the development
of analytical methods appropriate for a great variety of com-
pounds/matrix combinations difficult. Traditional extraction tech-
niques require long extraction times, and large amounts of samples,
sorbents and organic solvents. Costs associated to the purchase
∗ Corresponding  author. Tel.:  +34 881814272;  fax:  +34 981  547141.
E-mail  address:  rosaantonia.lorenzo@usc.es  (R.A. Lorenzo).
of organic solvents and the concerns on their negative environ-
mental impact and other human health importantly limit their
use. Another drawback of the traditional extraction methods is
that the obtained final extracts often require subsequent concen-
tration and clean-up prior to analysis. Moreover, the extraction
of multi-residue compounds from solid samples which are sensi-
tive, thermolabile and found in low concentrations is not feasible
applying the traditional extraction techniques [1]. Pressurized liq-
uid extraction (PLE) combines the benefits of faster extraction, with
less organic solvents consumption and reduction of time, sample
size and handling. Moreover, the possibility to use superheated
water as the extraction solvent at the temperature used in  PLE
0021-9673/$  –  see front  matter ©  2013 Elsevier B.V. All rights reserved.
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has opened an emerging way to adapt to the principles of green
chemistry [2,3].
Selectivity of detection of trace compounds from complex
matrices using an analytical technique can be increased and the
signal enhanced by derivatization approach. The incorporation of
derivatization to an extraction procedure can be  simple and friendly
to  automated throughput for sample analysis. The derivatization
step can be carried out before, in combination with or after sample
pretreatment and can be used for different analytes. The selection of
the kind of derivatization reaction depends on the stability and the
nature of the compounds to be extracted, the nature of co-eluting
compounds in the matrix, and the solvent and the reaction condi-
tions required for extraction and derivatization processes. The aim
of derivatization for use with gas chromatographic techniques is to
improve the physicochemical properties of the analytes and their
volatilities, and to tailor components for enhanced detectability
toward a preferred detection system. Therefore, for the multi-class
determination, generic sample preparation procedures are neces-
sary for simultaneously extraction and derivatization of a  broad
range of compounds [4].
In last decade, various methods involving PLE were developed
in order to further facilitate analysis and improve sensitivity. In
this review, we examine how different studies have used PLE
with derivatization after extraction and the novel approaches that
involve PLE and derivatization simultaneously in one step. Those
methods have been successfully applied to the trace analysis of
environmental, food and biological samples.
2. PLE characteristics
Pressurized liquid extraction (PLE) also named accelerated sol-
vent extraction (ASE) was developed in 1996 [5] and an overview
of the literature shows that the main applications of PLE have
been focused on the analysis of contaminants of environmental
solid samples [6], using organic solvents or superheated water for
the extraction of bioactive compounds of environmental pollutants
present in soils, foods and plants [1,3,7–9]. Luque-García and Luque
de Castro evaluated the possible single and multiple couplings
between PLE and other steps involved in analytical process, such as
preconcentration, derivatization, filtration, chromatographic sep-
aration and detection, and the applications in the environmental
field [10]. Also, Nieto et al. [11] reviewed the application of PLE
in extraction of  pharmaceuticals and personal-care products from
sewage sludge.
Efficient extraction requires small particle size, generally below
1 mm. Grinding or sieving can be accomplished to provide the
appropriate sample sizes to ensure the diffusion of analytes from
the sample to the solvent. Dispersing the sample with an inert
material such as sand or diatomaceous earth assists in the extrac-
tion process, avoiding the sample compaction in the extraction cell.
Dispersion agents are also used to fill up the cell and reduce the
consumption of  solvents [1]. Sample drying prior to extraction is
an efficient way to handle wet samples. However, this depends on
the analytes and the solvent used for extraction. Freeze-drying or
lyophilization is also important, especially, when non-polar sol-
vents are used in extraction. Drying agents such as sodium sulfate,
diatomaceous earth or  cellulose have frequently been employed for
this purpose [2,3].
PLE involves extraction using liquid solvents at high tempera-
tures (usually up to 200 ◦C) and pressure (usually up to 200 bar),
which enhance the extraction performance as  compared to those
techniques carried out at near room temperature and atmospheric
pressure. In PLE, the solubility of the target analytes is enhanced by
the decrease in the viscosity of the solvents at high temperatures,
which also diminishes analyte matrix interactions and increases
the diffusion of the analytes through the matrix. General extraction
performance is carried out by filling the cell with the samples
(2–5 g), preheating it for 1–5 min and then filling it with the extrac-
tion solvent. Then, the cell is heated for a  fixed time to reach thermal
equilibrium (often 5–8 min) and static extraction in one or  two
cycles (5 min each) is developed. The extraction occurs quickly
(extraction time <20 min) with low volumes of organic solvents
(<25 mL), the extraction recoveries are similar to other techniques
(>60%) and does not frequently require further purification meth-
ods [12,13]. Parameters that significantly affect to these recoveries
are the extraction solvent, the temperature, the pressure, the static
extraction time, the number of cycles, and the sample weight.
Other parameters such as purge time and flush volume have shown
less influence on the final recoveries; thus, they are usually fixed
[11].
The selection of a  suitable extraction solvent is the first target in
the development of a  PLE method. Organic solvents have been used
for the extraction of analytes from food and environmental sam-
ples. The polarity of the solvent should closely match that of the
target compounds, but, in some cases, solvent mixtures of different
polarity give higher recoveries. Pressurized hot water extraction
(PHWE) or subcritical water extraction (SWE) [14] is a  feasible
green solvent extraction method. Several studies have shown that
at certain temperature and pressure, the polarity of water can be
varied close to those of alcohols in order to  dissolve a wide range of
medium and low polarity analytes [7,9]. With the use of high pres-
sure, the solvents are kept in a liquid state at elevated temperatures
far above the boiling point, providing the enhanced solubility and
mass transfer, which allows faster extractions. The extraction effi-
ciency is improved by forcing the solvent into areas that would not
normally be contacted under atmospheric conditions. The amount
of co-extracted analytes might be  greater at higher temperatures,
decreasing selectivity of extraction, whereas high temperatures
might affect thermo-labile compounds that are subject to decom-
position. The use of high diffusion fluids improves the rate of the
extraction process, while the required amount of solvent decreases
considerably [1,3]. The temperature and pressure selected should
be high enough to extract the target analytes, but low enough to
prevent the extraction of interferences.
There are two main set-ups for PLE, static and dynamic modes
[15]. In the static extraction mode, using one  or several extraction
cycles with replacement of the solvent between cycles, the critical
factors are temperature and time of the extraction. In the dynamic
(flow) mode, the flow rate is set during the static time, where the
pump delivers solvent at a  constant flow rate. However, higher sol-
vent consumption is  required in dynamic extraction compared with
the static process. Both extraction modes can be  combined.
Preheating time is  the time that the cell is kept in  the oven at
the selected temperature before the solvent is added; 5 min usu-
ally being enough. Flush volume is the percentage of fresh volume
introduced into the cell after the static time to push the analytes
extracted out of the cell [5,11].
After PLE procedure, clean up of the extract may be required.
Solid-phase extraction (SPE), solid-phase micro extraction (SPME),
gel permeation chromatography (GPC), matrix solid-phase disper-
sion (MSPD) and liquid–liquid extraction (LLE) have been used for
the clean up  prior to analysis [3]. A representative example is  the
determination of pesticides in food often complicated by the pres-
ence of fats, which requires multiple cleanup steps before analysis.
The interest in the development and the integration of different
sample preparation steps in one step (i.e., extraction and cleanup
or derivatization) is rising. Methods have recently been developed
that combine extraction and cleanup steps by including a layer of a
fat-retaining adsorbent in PLE extraction cells [16,17]. Hyphenation
and/or combination of different sample preparation and analytical
techniques in one single process are recent strategies in analytical
chemistry [1].
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3. Derivatization reactions in PLE
The aim of derivatization reactions for use with gas chromatog-
raphy (GC) analysis is to improve peak symmetry, resolution,
selectivity and sensitivity of the analytes and their thermal stabil-
ities [18]. Usually, analytes are converted by derivatization either
into volatile compounds able to be  analyzed by GC with sensitive
detectors. The derivatization technique generally consists of sub-
stitution of the active hydrogen atom in NH, COOH, OH, or SH,
using alkylation, acylation, or silylation reactions [4,19].
GC used with mass spectrometry (MS) or tandem mass spec-
trometry MS/MS is a  technique of choice for analysis of organic
contaminants and bioactive analytes. In GC–MS, derivatization
can also be used to  enhance the detectability of a compound by
introducing groups with high electron affinity, such as halogen
atoms, that can produce an increase in the ionization efficiency
under negative chemical ionization (NCI) and make possible highly
sensitive analyses. Isotopically labeled derivatization reagents can
be employed to study the fragmentation pattern of the deriva-
tive and, also, to help in structural elucidation. Derivatization
can be used to favor the formation of high stability fragments
that can be used for screening analyses of a structurally related
group of compounds [18]. The main requirements for a success-
ful derivatization reaction are: formation of a single derivative for
each compound; simple and rapid reaction, under mild conditions;
high and reproducible yield of derivative formation; derivative
stable in the reaction medium; and in quantitative analyses, the
calibration curve should be linear. However, derivatization is a
time-consuming procedure which often requires the use of toxic
reagents. Furthermore, the derivatization reaction is never as clean
as desired and a required precaution is to monitor artifact identifi-
cation and to employ softer ionization methods when determining
the molecular mass.
Several derivatization reagents can take moisture and many are
rapidly degraded. Some derivatization reactions require anhydrous
conditions and therefore the drying of the sample is commonly per-
formed. Volatility of the solvents is  also an important consideration
when planning a derivatization-extraction method. Generally,
more volatile solvents are expelled easier than nonvolatile ones in
the extraction step. The speed of the derivatization can be affected
by a number of parameters but mainly by the technique and the
device used to derivatize/extract the analytes, the matrix from
which the analytes are extracted, the temperature, shaking/mixing
of the sample, pH, the salt concentration of the matrix, the elec-
trolytic strength of solvent used in the derivatization step, the
concentration of the derivatization reagent and, if used of the cat-
alyst is used [4]. Temperature and pressure during the extraction
are critical factors that affect the efficiency in PLE and the in situ
derivatization combined with extraction step. Increasing the tem-
perature often leads to greater yield of derivative and/or shorter
reaction time. Combinations of heating and agitation have been
used to quicken reaction times. Derivatization can improve extrac-
tion performance by lowering the polarity of the target analytes
in the sample matrix. In this way, the analyte-matrix affinity can
be decreased and the extraction efficiency can be improved. To
minimize sample derivatization/extraction technique manipula-
tions, the derivatization reagent can be directly added into the cell
with the sample, so both procedures can be done in one step. This
situation requires critical control of temperature and pressure con-
ditions in the PLE, adapting to the simultaneous derivatization of
compounds to obtain good recoveries and lossless.
Different modes to couple extraction by PLE derivatization and
chromatographic determination are summarized in Fig. 1. When
derivatization of analytes is performed prior to  loading the sample
onto GC or LC column, this mode is called pre-column derivatiza-
tion. This is especially suitable for thermally unstable samples and
polar/ionic pesticides. Two main approaches of derivatization with
PLE can be accomplished:
(a) In sequential mode, derivatization of analytes can only occur
before or after extraction is achieved. The post-extraction deriva-
tization type is the most common used. Once the extract has
been obtained, it is  derivatized before chromatographic analysis.
Derivatization mode can be considered: (i) off-line derivatization,
using manual direct addition of the derivatization reagent to sam-
ple extract in a fume hood; and (ii) on-line derivatization, as an
attractive alternative to manual derivatization, because it avoids
preparative steps, accelerates reaction rates and reduces evapo-
rative losses. Derivatization in the GC injection-port permits the
automatization of this step with many advantages, including less
manipulation and increased productivity. Pre-extraction derivati-
zation is simple and does not involve many steps. However, it is
prone to side reactions and there are higher possibilities of inter-
ference from the sample matrix. Precaution should be taken with
derivatization reagents moisture sensitive.
(b) In simultaneous mode, both extraction and derivatization
occur in one-step. In this way, in situ derivatization of the analytes
and their extraction are concurrently achieved in one step.
For post-column mode, derivatization takes place only after the
analytes are separated in GC or LC columns. They are then con-
verted to a form more amenable to  detection. This approach has
been applied to  the analysis of cationic surfactants in dried sewage
sludge, soil and sediment. After the analytes were extracted with
PLE, cleaned on alumina column and separated by HPLC, a  post-
column derivatization was used [20].
The PLE conditions, the derivatization step and analytical meth-
ods for the determination of organic contaminants and bioactive
compounds in environmental, food and biological samples are
summarized in Table 1. The main derivatization methods com-
bined with PLE are silylation, acylation and alkylation are discussed
below.
3.1. Post-extraction derivatization procedures
The more current derivatization techniques have been
employed as part of an extraction strategy for GC and other analyti-
cal applications. In this section several applications of PLE methods,
with specific reference to post-extraction derivatization (currently
the most widely used approach) are described.
3.1.1. Silylation
Silylation is one of the most common derivatization proce-
dure employed in GC–MS analysis. Silyl derivatives are formed
when the active protons of aliphatic and aromatic alcohols,
thiols, carboxylic acids, amines, and amides are substituted
by an alkylsilyl group (trimethylsilyl). The order of reactivity
for the acidic hydrogen atoms is  generally as  follows: alco-
hols > phenols >  carboxylic acids > amines > amides [21]. The
reactivity, however, can be changed by factors such as steric and
electronic repulsions. The obtained compounds are more volatile
and show better thermal stability than the original compounds.
Silylation has advantages over acylation since no purification
steps are required, and the derivatives can be injected directly
into the gas chromatograph [22]. The trimethylsilyl amides,
such as  N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA),
N,O-bis-trimethylsilyl-trifluoroacetamide (BSTFA), and N-tert-
Butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA) are
universal silylation reagents. The derivatization power of these
compounds can be enhanced by the addition of a catalyst. Thus,
trimethylchlorosilane, pyridine, trimethylsilylimidazole, and
imidazole have been employed during silylation using BSTFA [23].
BSTFA has better silyl donor ability than MSTFA and MTBSTFA and
tends to react faster and more completely and its by-products
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Fig. 1. Different derivatization  approaches  coupled  with PLE  for  chromatographic  analysis of trace  organic compounds.
are usually very volatile and tend not to interfere in the resulting
spectrum [4]. If further reactivity is required, MSTFA reagent can
be used, which can still give extensive coverage of functional
group reactivity. One of the key benefits of MTBSTFA is that the
derivative products formed are roughly 10,000× more stable than
traditional TMS ethers.
The use of PLE was proposed for the determination of lipid
biomarkers from a selection of soil horizons from a Dutch sandy soil
under Corsican pine [24]. Extraction solvent was DCM/MeOH (93:7,
v/v) and other PLE conditions were temperature of 75 ◦C and a pres-
sure of 6.9 × 106 Pa or 17 × 106 Pa. After cleanup and derivatization
with BSTFA, the extracts were analyzed on GC–MS. An extract
cleanup procedure analogous to one described by Naafs et al. [25]
was used. Briefly, the DCM/MeOH phase was rotary evaporated
and the dry extract was re-dissolved in DCM/2-propanol (2:1, v/v).
The extract was filtered to remove very polar constituents. Then,
100 mL of cyclohexane and 50 mL of BSTFA, containing 1% TMCS
were added to the dried extracts. The mixture was heated for 1 h at
70 ◦C to derivatize all free hydroxyl and carboxylic-acid groups to
their corresponding trimethylsilyl (TMS) ethers and esters. After
derivatization, the solutions were dried under nitrogen (N2) in
order to remove the excess of BSTFA, and re-dissolved in cyclo-
hexane. PLE demonstrated to  be a  feasible method to extract lipids
from soils, compared to the reference method of Soxhlet extrac-
tion. Using a higher pressure in the PLE extractions significantly
increased the extraction efficiency for all component classes in the
moss layer, except b-sitosterol. The effect was most pronounced
for the n-alkanes. PLE presented advantages over Soxhlet such as
the reduced volumes of extractant (10–33 mL vs. 300 mL) as well
as shorter extraction time (25 min vs. 16–24 h).
Canosa et al. [26] have been used PLE to extract four alkyl
parabens and triclosan (TCS) in indoor dust. Compounds, as sily-
lated derivatives, were determined by GC–MS/MS. Extraction of
analytes and removal of interfering species were achieved in  the
same step, by placing a mixture of 0.5 g samples with 1 g of sodium
sulphate, dispersed with 3 g of Florisil in the extraction cell, con-
taining 1 g  of the same sorbent. The PLE process comprised two
steps: during the first one, organic species with a lower polarity
than parabens and TCS were removed using n-hexane in a single
static extraction cycle at 40 ◦C and 3.4 MPa for 10 min. Then, the
cell was flushed with 5.5 mL of same solvent (equivalent to 50% of
its capacity) and dried with N2. In the second step, analytes were
recovered with ethyl acetate considering three static extraction
cycles, 1  min each, at 103 ◦C and 13.8 MPa. The total flush volume
and the cell purge time were 11 mL (100% of its capacity) and 1  min,
respectively. Extracts of 0.5 mL were derivatized at 65 ◦C for 5  min
using 20 mL MTBSTFA. PLE was performed automatically and up to
24 samples can be processed sequentially and unattended. The pro-
posed method provided recoveries from 76% to 98%, RSD under 11%
and quantification limits from 1  to 4 ng g−1.
The determination of eight UV filters in sediments combining
PLE and cleanup in a single-step has been implemented. The proto-
col incorporates silica gel and copper powder placed directly in the
PLE cell. After extract evaporation, salicylate- and benzophenone-
type UV filters are derivatized with BSTFA [27]. Trimethylsilylation
increases the sensitivity of these UV filters about 4–10-fold when
they are finally analyzed by GC–MS. PLE and derivatization con-
ditions were optimized by experimental designs. Thus, 2  g silica
gel, 2 g  copper powder and finally 4–5 g of sample mixed with 1  g
of anhydrous sodium sulphate were placed in the cell. Extraction
was implemented in 4 cycles of 5 min of static time at 160 ◦C  and
100 bar using ethyl acetate/n-hexane (80/20) as  extraction solvent.
The resulting extract volume (ca. 17 mL) was concentrated to  a final
volume of 0.5 mL by a  N2 stream. Finally, this extract was mixed
with 50 mL of BSTFA in a closed vial and derivatized for 1 h at room
temperature before analysis. The developed procedure provided
detection limits between 1 and 5 ng g−1 and recoveries above 73%
for all the compounds.
In  several analytical methodologies, BSTFA, containing 1%
trimethylchlorosilane (TMCS) is used at higher temperature, as
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in the determination by PLE-GC–MS of ten free fatty acids and
four free sterols including ergosterol, cholesterol, campesterol and
b-sitosterol from Cordyceps, one of the valued traditional Chi-
nese medicines [28]. Powder of Cordyceps (0.2 g) was mixed with
diatomaceous earth in  a proportion 1:1 w/w and placed into the
extraction cells. The extraction with petroleum ether was per-
formed at temperature, 160 ◦C; static extraction time, 10 min;
pressure, 1500 psi; flush volume, 40% and static cycle, 1. The extract
(ca. 15 mL) was dried at 40 ◦C using a rotary evaporator. The deriva-
tization was carried out adding 50 mL BSTFA and 200 mL n-hexane to
the residue and allowing the reaction to proceed at 70 ◦C for  30 min.
The derivative mixture was dried under N2, and subsequently re-
dissolved in n-hexane and filtered before GC–MS analysis. The
study showed that palmitic acid, linoleic acid, oleic acid, stearic
acid and ergosterol are main components in natural and cultured
Cordyceps which could be discriminated by hierarchical clustering
analysis based on the contents of 14 investigated compounds or the
4 fatty acids, where the contents of palmitic acid and oleic acid in
natural Cordyceps are significantly higher than those in the cultured
ones.
A rapid and accurate extraction method based on PLE for the
determination of lincomycin and spectinomycin residues in ani-
mal tissues (muscle, liver and kidney of swine and bovine) by
GC-nitrogen phosphorus detection (NPD) and GC–MS was devel-
oped [29]. The analytes were extracted from 5 g  tissue sample, in
cells previously heated in a  water bath at 40 ◦C, by phosphate buffer
with trichloroacetic acid (pH 4.5) as solvents. Final conditions used
in the extraction were: time heating cell, 2 min; static time, 5  min;
pressure, 1500 psi; temperature, 60 ◦C; time purging with nitrogen,
60 s; water volume flush, 50%; and one cycle. At the end of extrac-
tion the total extract obtained was adjusted pH 6.0 with NaOH
solution (10%) and cleaned using C18 SPE with methanol for elu-
tion. The eluted fraction was evaporated to  dryness. Then, 0.15 ml of
acetonitrile and 0.2 ml of BSTFA were added and blended for 60 s.
After heating at 75 ◦C for 60 min, the solvent was evaporated to
complete dryness and residue was re-dissolved in 0.2 ml n-hexane.
For GC–MS, the limits of quantification were 4.1 and 5.6 mg kg−1,
with recoveries between 70% and 93% with an RSD of less than 21%.
Forty contaminants (polycyclic aromatic hydrocarbons, poly-
chlorinated biphenyls, polybrominated diphenyl ethers, UV filters,
parabens, bisphenols and triclosan) were extracted from soil sam-
ples by PLE and the extracts, without the need of a  cleanup
step, were analyzed by GC–MS/MS after on-line derivatization
in the GC system [30]. In the pressurized liquid extraction step,
two extraction cycles were performed with a mixture of ethyl
acetate–methanol (90:10, v/v) at 80 ◦C and 1  g of sieved soil was
used. After extraction, each PLE extract was concentrated to 1 mL
before the chromatographic analysis. The evaporation was done
at 95 mbar with the water bath at 60 ◦C without adding labeled
standards. Losses were higher than 28% for all the compounds stud-
ied and higher than 67% for bisphenols. In order to reduce these
losses, the temperature of the water bath was set at 40 ◦C and
losses were lower than 8% for most of the compounds. On-line
derivatization was performed using a 2 mL multilayer injection.
The standard:reagent volumen ratio 1:1 provided the highest
response for all the compounds using on-line derivatization. Then,
it was compared with manual derivatization by mixing 50 mL of
a 60 ng mL−1 standard with 50 mL of BSTFA, left to  react at 60 ◦C
for 10 min and finally 2 mL were injected into the GC–MS/MS sys-
tem. The relative response was higher when the GC injection-port
derivatization was carried out with relative standard deviation
(RSD) <9%, whereas for manual derivatization RSD were <15%.
Other advantages were reduction of reagent usage and less time
and manipulation required for sample preparation, which reduces
laboratory costs. However, a higher proportion of injection deriva-
tization reagent is required in the on-line mode. This limitation
can affect the life time of the chromatographic column. The devel-
oped procedure provided detection limits from 0.1 to 2.5 ng g−1.
The analysis of soil samples collected in different agricultural fields
confirmed the presence of some of the studied contaminants.
3.1.2. Acylation
Acylation is  another commonly used derivatization method in
GC–MS that possesses some features of silylation, but it excludes
derivatizing attack on most carboxylic acid. It  consists in the intro-
duction of an acyl group in a  molecule having an active hydrogen,
obtaining derivatives that are more thermally stable to enable good
GC behavior [4]. Acylated derivatives can be obtained from a  great
variety of functional groups: alcohols, amines, amides, thiols, phe-
nols, enols, sulfonamides, unsaturated compounds and aromatic
rings. Acylation reactions can be performed using three main types
of reagents: acyl halides, acid anhydrides or  reactive acyl deriva-
tives such as acylated imidazoles. Acyl halides are highly reactive,
but a halogen acid is produced during the reaction and a basic
acceptor is normally required for neutralization. The elimination
of the excess acylating reagent is preferable because its presence
may cause problems during GC [18]. Haloalkylacyl derivatives are
the most popular acyl derivatives. These derivatives increase the
electron affinity of the compounds, make highly sensitive analy-
ses using NCI-MS possible, and the mass spectra frequently have
abundant ions of high m/z values. Perfluoroacyl derivatives such
as trifluoroacetyl (TFA) and heptafluorobutyryl (HFB), are the most
widely used in practice.
Based on PLE, acid hydrolysis and derivatization, ten monosac-
charides were determined by GC–MS in 13 samples of natural
and cultured Cordyceps [31]. Dried powder of 0.1 g sample was
mixed with diatomaceous earth in a proportion 1:1. Aqueous
ethanol, 70% was used as extraction solvent under 100 ◦C for
10 min of static time for 1 cycle with pressure at 1.034 × 104 kPa.
The extract was completed to  25 mL with the same solvent
for the analysis of free carbohydrates. The residue was further
extracted with water under the conditions described above. An
aliquot (10 mL) of PLE water extract was evaporated to dryness,
then hydrolyzed with 2 mol L−1 trifluoroacetic acid at 100 ◦C for
2 h. The hydrolyzed solution was evaporated to  dryness under
45 ◦C and 1 mL methanol was added for further evaporation and
complete removal of acid. The hydrolysate was used for derivati-
zation. Standard monosaccharides were directly treated with 1 mL
hydroxylamine hydrochloride pyridine solution in a sealed glass
tube at 90 ◦C for 30 min. After cooling to room temperature, 1 mL
acetic anhydride was added and heating continued for another
30 min in the resealed tube. The cooled solution was evaporated to
dryness under reduced pressure at 45 ◦C. The residue was dissolved
in dry chloroform (2 mL). The mixture was filtered before deter-
mination by GC–MS. For free carbohydrates and polysacarides,
10 mL of the extracts was evaporated to  dryness. The residue was
reacted with hydroxylamine hydrochloride and acetic anhydride
following the conditions described above. The dried residue of
acidic hydrolyzed polysaccharides was derivatized for polysac-
caride determination.
N-Heptafluorobutyrylimidazole (HFBI) makes all co-extracted
compounds with -OH or -NH groups volatile thereby minimizing
contamination of the GC column and injector. PLE and subsequent
derivatization was used during the investigation of the formation of
chloropropanols by model systems comprised of lipase, vegetable
oil  or fat, water, and sodium chloride [32]. The results showed
that measurable levels of the foodborne carcinogen 3-chloro-1,2-
propanediol (3-MCPD) are formed in the presence of commercially
available lipases of mammalian, vegetable, and fungal origins, incu-
bated at temperatures of 40 ◦C. The reaction mixture was extracted
with hexane, vortexed and centrifuged. The aqueous phase was
carefully removed and extracted using PLE. The cells were filled
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Fig. 2. Derivatization  reactions  of chloropropanols.  (A)  Formation  of  3-chloropropane-1,2-heptafluorobutyl  by acylation  with heptafluorobutylimidazole  (HFBI). (B)  Formation
of  trimethylsilyl  derivatives  of chloropropanols  by  silylation  with  N,O-bis (trimethylsilyl)-trifluoroacetamide  (BSTFA).
with Florisil (7 g), the sample (Extrelut NT and test sample, maxi-
mum 6 g), and additional Extrelut NT (ca.2 g). Operating conditions
were: pressure, 200 psi; room temperature; no heating; purge time,
4 min; solvent, ethyl acetate; flush volume, 80% and two static
cycles. The extracts were concentrated to about 1 mL under vac-
uum at 40 ◦C. The reconstituted extract was evaporated under a
stream of N2 at 40 ◦C. HFBI (50 mL) was added to  convert 3-MCPD
to the corresponding HFB di-ester (see Fig. 2A) at 70 ◦C for 20 min
prior to analysis. The model experiments conducted here provide
a new non thermal pathway in the formation of chloropropanols
in foodstuffs. However, further research addressing the chlorinated
acyl intermediates is required.
The biodegradation of 3-MCPD by Saccharomyces cerevisiae was
studied and 3-MCPD was extracted from the reaction medium using
PLE [33]. The extraction was carried out three times with 20 mL
of ethyl acetate. The experimental conditions used were: pressure,
11 bar; temperature, 25 ◦C; heat time, 1 min; purge time, 1 min; sol-
vent, ethyl acetate; static time, 10 min; flush volume, 100%; number
of  static cycles, 1. Derivatization of extracted 3-MCPD with HFBI
was performed as described in the literature [34]. The dehalogenat-
ing activity of S. cerevisiae reported opens new perspectives for the
degradation of halogenated contaminants.
PLE was used to extract the acaricide and insecticide, amitraz
and its main metabolite, 2,4-dimethylaniline, from food animal tis-
sues. The method is based on n-hexane/methanol extraction step,
a cleanup step by SPE with C18 silica bonded cartridge, hydrolysis
and derivatization with heptafluorobutyric acid (HFBA) for GC-ECD
analysis [35]. For each cell, 5 g tissue sample was used. PLE condi-
tions used in the extraction for amitraz and 2,4-DMA were: time
heating cell 2 min, time of solvent in  contact with the sample 2 min
(static time), pressure 120 bar, temperature 60 ◦C, time purging
with nitrogen to expulse rest of solvent in the cell 60 s,  water vol-
ume flushing in  respect to the cell size in percentage 50%, and three
times cycled. 3 ml of the extract was mixed with NaOH solution
for SPE cleanup and elution with 2 ml of methanol. The solution
was hydrolyzed with NaOH by heating at 70 ◦C for 40 min. Na2SO4
was added to remove water and 10 ml of HFBA was added to the
solution. The solution was incubated at 70 ◦C for 60 min. The dried
extract was re-dissolved in methanol for GC-ECD analysis. The LOD
and LOQ are 5 and 10 mg  kg−1 for these two analytes using GC-ECD.
GC-ECD combined with GC–MS is recommended for the analysis of
large number of tissue samples requiring method ruggedness.
3.1.3. Alkylation
Alkylation is the replacement of an active hydrogen with an
alkyl or aryl group. Carboxylic acids, alcohols, thiols, phenols, pri-
mary and secondary amines, amides and sulfonamides are the
main functional groups that can be subjected to alkylation reac-
tions. Alkyl derivatization adducts give better chromatograms than
the corresponding free acids [4]. For GC–MS analysis, methylation
can be of interest for some multifunctional compounds due to the
small increase in molecular mass and the volatility of the methyl
derivatives. Pyrolytic alkylation consists of the formation of an alkyl
derivative from an acidic compound as a  result of thermal decom-
position of a quaternary alkylammonium salt of the acid in the
heated injector port of GC. Trimethylphenylammonium hydroxide
is usually used to prepare methyl derivatives. The injector temper-
ature should be set to  250–300 ◦C. Undesirable side reactions can
occur as  a consequence of high temperatures and high alkalinity
[18].
Marcic et al. described a  PLE–GC analysis procedure for the
extraction of four organotin compounds from vegetable samples.
Ethylation was carried out using NaBEt4 [36]. The mixture of 1 g  of
sample and 9  g  of quartz sand was transferred to  an 11 mL extrac-
tion cell. The extraction cell was fitted with solvent and heated
to the extraction temperature within 5 min. The condition choice
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corresponded to a pressure of 90 bar and a temperature of 90 ◦C.
Three 3 min static cycles were used. Between each static extrac-
tion cycle, 2 mL of extracting solvent was renewed. The extract was
then diluted up to 25 mL with 50% methanol and 50% ethyl acetate.
About 2 mL of extract was directly introduced into the derivatiza-
tion reactor in the presence of sodium acetate–acetic acid buffer
(pH 4.5). Ethylation was carried out using NaBEt4 (0.5 mL of the
2% solution). 0.5 mL of isooctane was added and the mixture was
shaken at 450 rpm for 30 min. The optimized GC-pulsed flame pho-
tometric detector (PFPD) method allowed LOD to 1–2 ng (Sn)/g to
be reached. Comparison with usually employed solid/liquid extrac-
tion (SLE) confirms that PLE is an interesting tool for vegetable
analysis.
PLE followed by derivatization and extraction into isooctane and
GC with atomic emission detection (AED) was used for the determi-
nation of fenbutatin oxide (FBTO) in agricultural soil samples [37].
PLE variables were examined using experimental factorial designs.
Under optimal conditions, 0.4 g of soil, mixed with 2 g of diatoma-
ceous earth, acetone as solvent, 2 static extraction cycles of 1 min
each were used. Pressure and temperature of extraction cells were
set at 1500 psi and 80 ◦C, respectively. The flush volume and purge
time were 11 mL (equivalent to 100% of the cell capacity) and 1 min,
respectively. A fraction of 0.5  mL was submitted to ethylation of
FBTO. Sodium acetate/acetic acid buffer (pH 5.5) and 1 mL of NaBEt4
were then added and then shaken vigorously for 5 min. The ethy-
lated derivative was extracted with 2 mL of isooctane containing
a known concentration of Ph3SnPe. If necessary, this extract can
be evaporated using a gentle stream of nitrogen, before injection
in the GC-AED system. The proposed method provided recoveries
from 76% to 99% for spiked soil samples, a limit of quantification of
2 ng g−1 and an acceptable precision.
Wasik et al. [38] developed an analytical procedure based on PLE
of butyland phenyltin compounds from biological material with
their subsequent aqueous-phase ethylation and GC-FPD detection.
A mixture of 1 g sample and 9 g quartz sand was extracted with
solution of acetic acid and sodium acetate in methanol–water mix-
ture and 0.3 g tropolone. A temperature of 125 ◦C and a pressure
of 6.9 kPa, 3 min of static extraction time, flush volume, 20% with
a purge time of 100 s were used. The number of cycles was 4.
Aliquots of 10 mL extracts with the same acetic acid-sodium acetate
buffer volume and 2 mL hexane were derivatized with 2% solution
of NaBEt4 and shaken for 10 min at 520 rpm. After centrifugation,
1.5 mL of the hexane layer was cleaned, with Al2O3 and anhydrous
Na2SO4. Method detection limits were in the range 6–10 ng (Sn)
g−1 dry weight and 7–17 ng (Sn) g−1 dry weight for butyl- and
phenyl-tin compounds, respectively. Recoveries (76–96%) were
comparable with, or better than those obtained by use of other pro-
cedures described in  the literature, and the procedure also seems
to be less time and labor-consuming.
In other study, the determination of tributyltin (TBT) in
sediment samples was carried out using PLE with a hex-
ane/tropolone mixture and quantification by GC-isotope dilution
mass spectrometry (IDMS). The GC detection required a Grignard
derivatization step with 0.3 mL of pentyl magnesium bromide 2.0 M
in diethylether for 45 min at room temperature [39]. The slurry,
obtained with 1 g of sample and 2  mL of a  0.01 M HCl solution (pH
2),was shaken for 15 min. Then anhydrous Na2SO4 was added. The
extraction cycle consisted of a preheat time (1 min), a heating time
(6 min) and a  static time (total of 20 or 40 min), 14 MPa and 125 ◦C.
After heating, the sample was purged for 90 s,  and extracted with
n-hexane containing 0.05% tropolone, with a 60% flush. The method
was validated by analysing the certified reference material PACS-2,
and applied to two unknown sediment samples as part of an inter-
comparison exercise of the Comité Consultatif pour la Quantité de
Matière (CCQM). The detection limit was approximately 1.5 ng g−1
TBT as Sn.
Kremer et al. [40] presented the studies on acidic herbicides
extraction from soil with the use of PLE and on-line derivatiza-
tion in the GC system. Deionized water, acetonitrile and methanol
were tested as solvents. Extraction cell was filled with 5 g soil
samples and 15 g purified sand. The PLE conditions were: tem-
perature 100 ◦C, pressure 13.8 MPa, static extraction time 2 min, 1
cycle, heating time, 5 min, flush volume, 5%. Extracts were acidified
with sulfuric acid and extracted twice with 5 mL organic solvent
(tert-butyl methyl ether or dichloromethane). Solvent volume was
reduced to 5 mL by evaporation. Remaining water was removed
adding anhydrous Na2SO4 or MgSO4. Although water can be  used
as an extractant of phenoxy acid herbicides for  soils, acetonitrile
appeared a convenient and selective extractant because lipophilic
substances are not extracted. Methanol is  good extractant, but
poorly selective. Generally organic PLE extracts need a cleanup step.
After extraction, a  derivatization reagent, trimethylphenylammo-
nium hydroxide (TMPH), was added, 20-fold excess, in the case of
phenoxy acids and GC injection-port derivatization was performed
at 260 ◦C in a GC-FID.
A PLE method for the analysis of ochratoxin A (OTA) in bread
samples has been successfully developed. 2.5 g of bread sam-
ple were fortified 1 h  before extraction. Methanol was used as
extraction solvent at 80 ◦C, 2000 psi and a 5-min cycle. OTA was
determined by liquid chromatography with fluorescence detec-
tion (LC-FLD) and confirmed by methyl ester derivatization adding
2.5 mL of methanol and 0.1 mL of concentrated hydrochloric acid to
200 mL of OTA residue [41]. The vial is closed and kept overnight at
room temperature. The reaction mixture is  evaporated to dryness
and the residue re-dissolved in mobile phase. Under these condi-
tions OTA recovery is 92.3% with a  RSD of 5%. Limits of detection
and quantification were 0.02 and 0.06 mg kg−1,  respectively. The
occurrence of OTA in rice commercialized in five cities in Morocco
has been evaluated using PLE-LC-FLD. The identification of OTA in
positive rice samples was confirmed by methyl ester derivatiza-
tion [42]. The extraction was carried out with methanol (15 mL) at
1500 psi of pressure, temperature 40 ◦C, 5 min of static time, 50%
flush volume, 60 s of purge time, one cycle and 11 mL cell size.
The total extraction time was around 12 min [43]. In rice positive
samples, OTA was confirmed by methyl ester formation [44]. The
extract (200 mL) was diluted to 2.5 mL methanol and 0.1 mL concen-
trated HCl were added. Methanol was evaporated and the residue
was taken up in 200 mL methanol-formic acid 0.1 M (70:30, v/v).
The solution was left standing overnight at room temperature. 90%
OTA was methylated with this method before LC analysis. The LOD
and the LOQ were 0.015 ng g−1 and 0.03 ng g−1,  respectively. The
average contamination of all analyzed samples was 3.5 ng g−1.
3.1.4. Other methods of interest
A  home-made extractor was developed to  determine selenium
from sand and sludge with recoveries higher than 75% [45]. The
method involves two main steps: (a) continuous leaching of the
analyte by subcritical water (250 ◦C, 200 bar, 0.7 mL min–1),  which
is complete in 15 min and (b) continuous derivatization with NaBH4
and detection by atomic fluorescence spectrometry (AFS). The
design of the derivatization manifold, based on flow injection,
enables speciation analysis of inorganic selenium (as Se+4/Se+6)
and organo-selenium compounds by appropriate selection of the
reagent streams. In addition to above data, acidified subcritical
water was proposed for the continuous extraction of selenium and
arsenic from coal prior to continuous derivatization by hydride
formation and determination by AFS [46]. 3 g  of coal samples
were subjected to a 15 min static extraction followed by a  90 min
dynamic extraction with water modified with 4% (v/v) HNO3. Once
the sample had been reduced by adding 12.5 ml of 6.0 mol L−1 HCl
to 12.5 ml of extract and heating the mixture at 75 ◦C for 45 min,
it was injected into a 3.0 mol l−1 HCl carrier stream which then
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merged with a 2% NaBH4 stream. The volatile hydride was formed
and swept out of the gas-liquid separator by an argon stream into
the chemically generated hydrogen diffusion flame, which was
maintained by the excess of hydrogen produced in the reaction
between NaBH4 and HCl. The hydride was atomized in the flame
and detected.
PLE based on acidified subcritical water was used for the
continuous extraction of mercury from coal prior to continuous
derivatization by cold vapor formation, and determination by AFS
following the conditions described above [46]. Static extraction was
carried out in 15 min at temperature of 180 ◦C and 50 bar of pres-
sure. Acidified water was pumped at a flow-rate of 2.5 mL min−1
and the extract was collected in a  vial after being cooled at 25 ◦C.
A volume of 2.5 mL 1-pyrrolidinecarbodithioic acid ammonium
salt (APDC) was added to  100 ml of extract. The sample was aspi-
rated and allowed to pass through the preconcentration column for
15 min. Then, the two injection valves of a flow injection (FI) sys-
tem were simultaneously switched to  the injection position and
the retained complex was eluted with an ethanol stream. The Hg2+
was reduced to Hg0 by a  5% SnCl2 and 0.3 mol L−1 HCl stream, swept
out of the gas-liquid separator by an argon stream into the atomic
fluorescence detector.
In another study, a  module for continuous high pressure-
temperature leaching was proposed for the HPLC-UV determina-
tion of iron in soil after in situ leaching-derivatization forming a
complex with SCN− [47]. The overall approach involves the cou-
pling of an extractor with a continuous-flow manifold where the
analyte forms a complex with SCN−, which is driven to a  flow-
cell packed with a  suitable material for retention and continuous
monitoring of this process which in turn is a  way for indirect mon-
itoring of the leaching kinetics. 15-min leachings with water were
performed at a constant temperature and pressure of 250 ◦C and
100 bar, respectively, using values of flow-rate of 4 ml min−1.  The
procedure presents advantages such as  high sensitivity (ng level)
and short time required (only 15 min versus 24 h for leaching and
30 min for the measurement step of the conventional method). The
average recovery thus obtained was 99.8%, and the RSD was 3.69%.
3.2. Pre-extraction derivatization procedures
The derivatization reaction is carried out as a part of the sample
pretreatment process, being prior to the extraction and analyti-
cal determination. These applications in the literature are limited
because a quantitative and reproducible derivatization reaction for
standards and analytes in the sample is  required. Moreover, the
derivatization reagent should not react with other components of
the matrix [4].
A sample formed by release of coal tar into the environment
was derivatized by trimethylsilylation using BSTFA with 1% TMC,
prior to extraction in hexane using PLE [48]. This procedure enables
comprehensive extraction of more than 160 polar tar components,
which had not previously been described. An experimental design
was used to optimize the derivatization parameters. Under final
conditions coal tar and sodium sulphate were placed into a vial.
After sealed, the suspension was shaken for 10 min, and the tar was
separated into a new vial. The concentration ratio between BSTFA
and the tar was 1, and the total volume increased to  1.5 mL with
hexane. The vial was sealed and stored at 60 ◦C for 60 min, with vig-
orous shaking every 10 min. After derivatization, the contents of the
vial were added to  1 g of a (1:1, w/w) solid mixture of diatomaceous
earth (DE) and sodium sulphate. Two 0.1 g portions of DE were
added to vial. The DE-coal tar mixture was then gently ground until
a fine, free-flowing powder was produced. Then, after a layer of sil-
ica gel 60 to a depth of 10 mm, placed in the 10 mL cell, the DE–tar
mixture was added, followed by more DE. The extraction solvent
was 100% hexane. PLE was performed at 150 ◦C and 10 MPa, using
one dynamic (7 min) and two static extractions (5  min each). A flush
volume of 150% and purge time of 60 s were used. Half of the extract
was concentrated to  around 1 mL. The samples were stored at
−80 ◦C in sealed vials until used for analysis to inhibit volatilization
or decomposition by hydration. Comprehensive two dimensional
gas chromatography coupled to time of flight mass spectrometry
(GC × GC–TOFMS) was used for the analysis of the sample for con-
current evaluation of OH functional group-containing compounds
along with aliphatics, polycyclic aromatic hydrocarbons and other
typical tar compounds normally determined via classic gas chro-
matography.
3.3. In situ derivatization-extraction procedures
Derivatization is affected by some drawbacks such as  com-
plexity, loss and contamination of analytes and time-consuming.
Derivatization combined with extraction procedures (i.e., PLE)
has been explored in order to avoid these disadvantages. Few
studies have exploited the utilization of PLE as a “reaction cham-
ber” as  a  useful alternative to determine polar compounds by GC
[49]. To estimate polar pollutants including phenols/benzenediols,
the sample was subjected to  a  combined in situ derivatiza-
tion/extraction approach using acetic acid anhydride and 14%
methanolic boron trifluoride solution, respectively. The acylation
reagent was added to the toluene solvent (2%, v/v acetic anhydride
including 0.3% trimethylamine referred to the toluene), whereas
the (more aggressive) methylation reagent was injected into the
sample in the cartridge (0.5 mL reagent to  200 mg sediment). The
in situ acylation was conducted at 120 ◦C and 12 MPa for 15 min in
one extraction cycle. Pörschmann et al. [50] extended this approach
to further analytes (phenols, sterols and carboxylic acids) and
matrices (environmental and microbial samples). This one-step
procedure was studied using acetic anhydride as  an acetylation
agent, BSTFA, as a silylation agent, and boron trifluoride –  14%
methanol, phenyltrimethyl ammoniumhydroxide and trimethyl
sulfoniumhydroxide as methylation agents. A significant drawback
of silylation agents is their susceptibility toward hydrolysis; there-
fore wet samples (sludge) should at least be air-dried prior to the in
situ silylation/pressurized liquid extraction. 20 mg for freeze-dried
bacterial cells or 100 mg for peat samples were used. Pressure was
14 MPa and equilibrium time, 6 min. Extraction was carried out
using toluene –acetic anhydride–pyridine (100:1:0.5, v/v) at 120 ◦C
in one cycle of 20 min of extraction. The derivatization reagent was
added to the solvent. The extracts were evaporated until 500 mL.
In the case of boron trifluoride, the extracts were washed with
diluted sodium hydrogen carbonate solution to remove the excess
of agent. The results give strong evidence that the combined in situ
acetylation/extraction is superior to conventional PLE for extracting
phenols. Fatty acids as well as sterols show comparable recover-
ies considering the ex  situ and in situ approach. Using a combined
in situ silylation–PLE one-step protocol the analyst can succeed in
the simultaneous detection of fatty alcohols, fatty acids and dicar-
boxylic acids. Also the in situ methylation/extraction is an effective
and time saving tool for determining fatty acids and might be used
for rapid screening of lipids in several matrices.
Different families of preservatives, including two bromine-
containing preservatives, seven parabens, iodopropynyl butylcar-
bamate (IPBC), triclosan, and antioxidants in multimatrix cosmetic
samples were analyzed by GC–MS previous simultaneous acety-
lation/extraction using PLE [51]. Extractions conditions were
optimized by experimental design. 100 mL of acetic anhydride con-
taining 2.5% pyridine was added to the cosmetic sample before
the addition of the drying agent and the dispersing sorbent. PLE
was performed by preheating the cell before filling with solvent.
The extraction pressure was set to 1500 psi, the flush volume was
60%, and the purge time was set to 60 s, extraction temperature
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of 120 ◦C, ethyl acetate as solvent, Florisil as dispersing sorbent,
and extraction time of 15 min. The final extract volume was 15 mL.
Finally, the extracts were directly analyzed by GC–MS without
any further cleanup or concentration step, since in-cell derivati-
zation was accomplished during extraction. The obtained LODs are
far below the established restrictions in the European Cosmetics
Regulation, making this multicomponent analytical method suit-
able for routine control. The recoveries were satisfactory, with
values ranging from 84% to 111%. The in situ derivatization was
compared with post-extraction acetylation carried out by adding
100 mL of acetic anhydride containing 2.5% pyridine to 1 mL of the
standard or extract solutions. The mixture was then maintained
at 80 ◦C for 30 min and then allowed to cool to room tempera-
ture. Recoveries between 73.7 and 110% were obtained. For most
of the compounds the reaction yield was quantitative, since no
trace of the underivatized analytes was found, and satisfactory,
improving significantly the chromatographic analysis of the target
compounds both qualitatively and quantitatively. Bronidox, IPBC
did not undergo derivatization since they do not have chemical
groups susceptible to acetylation. The highly hindered hydroxyl
group with poor nucleophilicity of antioxidant preservative may
prevent the acetylation of this analyte [52].
Our group [50] determined contaminants (3-chloropropane-
1,2-diol and 1,3-dichloro-2-propanol) in bakery foods by PLE and
GC–MS, using BSTFA/TCMS 99:1 as  silylation reagent, according to
the reaction scheme given in Fig. 2B. Derivatization and PLE con-
ditions were optimized by experimental design. A mixture of 1 g
sample, 1.5 g of anhydrous sodium sulfate (drying agent) and 2 g
of diatomaceous earth (dispersant agent), was introduced into the
PLE cell. An extraction pressure of 1500 psi and ethyl acetate sol-
vent were used. Analytes were recovered in one extraction cycle
of 5 min, at 130 ◦C, 80% of flush volume and 90 s of purge time.
The PLE extract (ca. 20 mL) was collected evaporated using a gentle
stream of nitrogen and adjusted to a final volume of 1 mL. Derivati-
zation after PLE involved excessive sample handling and increased
the time of analysis due to the conditions required for derivatiza-
tion (445 mL of extract was derivatized with 55 mL of derivatization
reagent, the mixture was shaken vigorously in a vortex at 60 ◦C
for 70 min). To reduce the time of analysis and improve the sen-
sitivity, the simultaneous extraction–derivatization by BSTFA and
cleanup into the PLE cell was used. The operational conditions were
a BSTFA volume of 70 mL, 3 min of static time at 70 ◦C. An adjust-
ment of the proportions of the amounts of dispersant/adsorbent in
the cell was carried out due their potential influence in the ana-
lytes recovery and in  the dispersion of the matrix. The optimal
amounts were 1 g of Florisil, 2.5 g diatomaceous earth (DE) and
0.1 g anhydrous sodium sulfate. The use of DE  as sample disper-
sant and Florisil as  cleanup sorbent, combined with simultaneous
in-cell derivatization, allowed to obtain a  ready to inject GC extract
providing recoveries, better than the derivatization out of the cell
in a longer step. The recoveries were between 86.2% and 109%. The
main advantages of the proposed methodology are the rapid and
automated sample pre-treatment and the reduction of the sample
size and handling.
A simultaneous extraction and sensitive determination method,
of 13 polar herbicides and 20 nonpolar organochlorine pesti-
cides was implemented using an esterification reaction between
herbicides and alpha-bromo-pentafluorotoluene (PFBBr) in the PLE
cell [54]. Taking advantage of similar electronegativity of ester-
ification products and the organochlorine pesticides, two types
of compounds were detected simultaneously by GC with nega-
tive chemical ionization mass spectrometry. For the mixture of
10.0 g soil, 1.5 mL H2O, and 0.5 g  Na4EDTA, under the conditions
of 100 ◦C, 10.3 MPa, the derivatization and extraction was com-
pleted in 10 min with excessive PFBBr in the extraction cell. The
extract was dried and cleaned before detection. The method is very
sensitive with detection limit of all compounds below 10.0 mg kg−1.
The recovery was in the range 68% -120% and the RSD was between
2.8% and 7.9%. The method was applied for acidic herbicides in real
soil samples [56].
3.4. Post-column derivatization
Sometimes the derivatization is carried out after chromato-
graphic separation and before the final detection, in order to
increase the selectivity and sensitivity of the determination. This
procedure simplifies the sample pretreatment, since extensive
cleaning of the extracts obtained is not necessary. Aflatoxins (AFs)
B1, B2, G1 and G2 were extracted from nuts by PLE and the
extracts were analyzed using HPLC with fluorescence detection
using photochemical post-column derivatization with UVETM sys-
tem without further cleanup procedures [55]. The PLE conditions
were 60 ◦C, 1500 psi, acetonitrile, one cycle, 50% flush volume and a
cell size of 5 mL. The major advantages of this method are the short
time of the extraction and cleanup steps, low-solvent consumption
and automation of extraction step.
4. Combinatory techniques
Recently, hyphenated analytical techniques have improved by
taking advantages of the involved techniques. Combining PLE with
dispersive liquid–liquid microextraction (DLLME) with derivati-
zation was used for the extraction of hydroxylated polycyclic
aromatic hydrocarbons (OH-PAHs) from sediment samples. The
determination was carried out using GC–MS [57]. As  silylation
was the most commonly used derivatization method for OH-PAHs,
various derivatization reagents such as BSTFA, MSTFA and MTB-
STFA could be used. In this study, MTBSTFA was selected as the
derivatization reagent due to the stability of tert-BDMS derivatives
of OH-PAHs, and the resulting tertbutyldimethylsilyl (tert-BDMS)
derivatives produced very characteristic mass spectra with EI-MS.
The capability of subcritical water extraction (SWE), an extraction
method by water under high temperature and pressure to maintain
the liquid state has been evaluated. Several important parameters
that affected both SWE extraction and DLLME were investigated.
First, 10 g  sediment sample mixed with 2 g diatomaceous earth was
transferred directly to the extraction cell. PLE procedures were:
pure water with 20% acetonitrile (organic modifier, v:v) was used
as solvent for 10 min under 150 ◦C and 1500 psi; the sediment was
then purged with nitrogen for 60 s;  finally, about 11 mL extraction
solvent was collected. DLLME procedure was performed after SWE.
The organic modifier for SWE could act as the disperser solvent
for DLLME. One hundred microlitres chlorobenzene was injected
rapidly into approximate 11 mL of collection solvent of SWE in a
15 mL centrifuge tube, the tube was sealed and vortexed for 30 s
to extract hydroxylated PAHs into chlorobenzene. After centrifug-
ing at 5000 rpm for 5 min, the organic solvent containing the target
compounds was separated on the bottom of the tube. Subsequently,
it was transferred to  a  2 mL vial. The collected extraction solvent
from the DLLME step was evaporated under a nitrogen stream and
50 mL MTBSTFA was then spiked to transform the target compounds
into tert-BDMS derivatives in 60 ◦C  water bath for 60 min. Finally,
the excess MTBSTFA was removed and dried down by nitrogen,
stream and the dried residues were redissolved in 100 mL acetone
for instrumental analysis. High sensitivity of OH-PAHs derivatives
by MTBSTFA could be achieved with the LOQs ranging from 0.0437
to  1.5638 mg kg−1 and relative standard deviations (RSDs) between
2.81% and 11.07%. The method was compared with SWE coupled
with solid phase extraction (SPE), and the results showed that PLE-
DLLME was more promising with recoveries ranging from 57.63% to
91.07%. The proposed method was then applied to determine the
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hydroxylated metabolites of phenanthrene in contaminated sed-
iments produced during the degradation by two PAH-degraders
isolated from mangrove sediments.
5. Conclusions and future trends
There are already a  number of publications describing the
applications of PLE linked together with derivatization for envi-
ronmental, food and biological analysis. PLE and derivatization
have been shown useful and advantageous, compared to  compet-
ing extraction techniques for enhancing sensitivity and selectivity
of analysis of a wide range of analytes and instrumental techniques.
PLE is a  versatile, well- and long-established technique both in basic
and applied science for the automated extraction of trace organic
compounds from solid matrices. The use of simultaneous deriva-
tization reactions and PLE in one step is  unusual. Generally, the
yield of the derivatization reaction is dependent on optimization of
the temperature, reaction time, and derivatization reagent volume.
A major challenge in analytical derivatizations is often posed by
excess of reagent. It  was found that PLE conditions such as elevated
temperature and pressure allow to achieve fast and efficient, not
only the extraction of the analyte and simultaneous derivatization
with lower amount of derivatization reagent. More applications are
expected in the future to cover other matrices and compounds. As
interests in this area continue to grow, future advances in the design
and instrument hyphenation and parameters are expected. In the
modern world speed of processes has become a  much desired fea-
ture. To this end PLE enhances reaction rates and throughput. Fast
reaction times can reduce exposure of labile samples to air and
light.
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a b s t r a c t
Two fast, accurate and sensitive liquid chromatography methods have been developed and optimized for
a better control of the content of artiﬁcial sweeteners in industrial beverages. Ultra performance liquid
chromatography coupled with photodiode array (UPLCePDA) and liquid chromatography-electrospray
ionization-tandem mass spectrometry (LCeESIeMS/MS) methods were implemented for the moni-
toring of aspartame, neohesperidine dihydrochalcone, neotame, potassium acesulfame, saccharin, so-
dium cyclamate and sucralose in beverages marketed as “sugar-free” or “diet,” including soft and
powdered drinks. Minimal sample preparation procedure consisting on a simple dilution and ﬁltration is
required before analysis. The methods showed excellent linearity (R2 < 0.9990) for target compounds.
Limits of quantiﬁcation (LOQs) were far below the legal requirements for all considered compounds (0.01
e0.1 mg mL1 and 0.05e5 ng mL1 for UPLCePDA and LCeMS/MS, respectively). Precision and recovery
studies in real samples showed excellent results. The recoveries at two concentration levels ranged
between 90.0 and 114.6%, with relative standard deviations lower than 9.4 RSD%. Finally, the proposed
methodology was successfully applied to the analysis of artiﬁcial sweeteners in 66 beverage products
commonly consumed in Spain. Different sample categories were evaluated, including energy drinks, soft
drinks, juices, teas, soy beverages, dairy-based drinks, beers, and spirit alcoholic drink, and proved its
suitability for quick and reliable application in quality control laboratories.
© 2014 Published by Elsevier Ltd.
1. Introduction
Artiﬁcial sweeteners are an important class of additives,
commonly used in food and beverage industries and regulated by
the Food and Drug Administration (FDA) and European Union (EU).
Since recently they are also considered as emerging environmental
contaminants due to their presence in wastewater (Kokotou,
Asimakopoulos, & Thomaidis, 2012; Lange, Scheurer, & Brauch,
2012). Moreover, although they have been considered as safe by
the European Food Safety Authority (EFSA) (EFSA, 2009; Kroger,
Meister, & Kava, 2006; Nofre & Tinti, 2000; Scientiﬁc Committee
on Food (SCF), 1985; Serra-Majem et al., 2003; Shankar, Ahuja, &
Sriram, 2013; Tandel, 2011), concerns about health risks have
arised (Kroger et al., 2006; Mortensen, 2006; Soffritti, Belpoggi,
Tibaldi, Esposti, & Lauriola, 2007; Tandel, 2011). Current legisla-
tion limits the content of food additives in foodstuffs. Seven arti-
ﬁcial sweeteners including acesulfame (E 950), aspartame (E 951),
cyclamic acid and its salts (sodium cyclamate, E 952), saccharin and
its salts (E 954), sucralose (E 955), neohesperidine dihydrochalcone
(E 959) and neotame (E 961), are authorized in European Union
(EU), directive 94/35/EC (European Commission, Directive 94/35,
1994). with four amendments (European Commission, Directive
96/83, 1997; European Commission, Directive 2003/115, 2004;
European Commission, Directive 2006/52, 2006; European
Commission, Directive 2009/163, 2009) for use in modern food
industry. In the USA artiﬁcial sweeteners are part of the Generally
Recognized as Safe (GRAS) ingredients (GRAS, 2013a), but the cor-
responding list does not include cyclamates (banned in USA) (GRAS,
2013b) and neohesperidine dihydrochalcone. Since sweeteners are
mostly used in combination each other, fast, simple, sensitive and
high throughput analytical methodologies are required to measure
levels of sweeteners in a broad range of food matrices.
* Corresponding authors. Tel.: þ34 881814272; fax: þ34 981547141.
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The methodologies for the determination of artiﬁcial sweet-
eners in food, drinks and dietary products have been recently
reviewed by Zygler, Wasik, and Namiesnik (2009). Beverages
samples characterized by relatively simple matrix can be diluted or
dissolved in deionized water or an appropriate buffer. In the case of
carbonated drinks, the samples are degassed prior to analysis
(Demiralay, €Ozkan, & Guzel-Seydim, 2006; Herrmannova,
K!rivankova, Barto!s, & Vyt!ras, 2006; Zhu, Guo, Ye, & James, 2005)
and solid-phase extraction can be employed to eliminate in-
terferences (McCourt, Stroka, & Anklam, 2005; Wasik, McCourt, &
Buchgraber, 2007; Zygler, Wasik, Kot-Wasik, & Namiesnik, 2011).
High performance liquid chromatography (HPLC) (Demiralay et al.,
2006; Dossi, Toniolo, Susmel, Pizzariello, & Bontempelli, 2006;
George, Arora, Wadhwa, & Singh, 2010; Wasik et al., 2007) is the
most widely used technique, although other separation methods
such as ion chromatography (IC) (Chen et al., 2001; Zhu et al.,
2005), thin-layer chromatography (TLC) (Idris, Srivastava, Baggi,
Shukla, & Ganjoo, 2010; Morlock et al., 2007), capillary electro-
phoresis (CE) (Herrmannova et al., 2006; McCourt et al., 2005;
Stojkovic, Mai, & Hauser, 2013) and gas chromatography (GC)
(Hashemi, Habibi,& Jahanshahi, 2011) have also been shown useful
to analyse food additives. Various detection systems, including ul-
traviolet (UV) (Demiralay et al., 2006; Dossi et al., 2006; George
et al., 2010), mass spectrometry (MS) (Ferrer & Thurman, 2010;
Scheurer, Brauch, & Lange, 2009; Zygler et al., 2011), and evapo-
rative light-scattering (ELSD) (Wasik et al., 2007) have been
coupled with these techniques. UV detection mode is not suitable
for determination of sodium cyclamate and sucralose, because of
the lack of UV chromophore in the molecule, and consequently a
previous derivatization procedure is needed (Idris et al., 2010;
Morlock & Prabha, 2007). For this and other reasons few UPLC
methods for the concurrent determination of these sweeteners
exist and usually have been based on detection by mass-
spectrometry (Zygler et al., 2009).
The aim of the present study was to optimize and validate two
methods for the determination of artiﬁcial sweeteners in beverage
samples. Acesulfame (ACE), aspartame (ASP), neohesperidine
dihydrochalcone (NHDC), neotame (NEO) and saccharin (SAC) were
analysed by means of ultra performance liquid chromatography
coupled with photodiode array (UPLCePDA), while these
sweeteners together with sodium cyclamate (CYC) and sucralose
(SUC) were analysed using liquid chromatographyeelectrospray
ionizationetandem mass spectrometry (LCeESIeMS/MS). Com-
pounds structures and other relevant data are shown in Table 1. The
proposed methodology was applied using two different instru-
mental systems (PDA and MS/MS detection) as well as two different
LC columns, with a minimal sample treatment. Sixty six beverages
were analysed to evaluate the foods safety with respect to the
maximum usable dose (MUD) of sweeteners in foodstuffs in
accordance with the European Union legislation.
2. Material and methods
2.1. Chemicals and standards
Saccharin (!99%), sucralose (!98%), neohesperidine dihy-
drochalcone (!95%), neotame (!98%) and potassium acesulfame
(!99%) were from Sigma Aldrich (Madrid, Spain). Sodium cycla-
mate and aspartame were purchased from Supelco (Bellefonte PA,
USA) and sucralose-d6 (96%) was obtained from Toronto Research
Chemicals (Toronto, Ontario, Canada). Stock solutions of each in-
dividual compound were prepared at 2 mg mL1 in methanol.
Diluted standard mixtures used for spiking beverage samples were
prepared in methanol to appropriate concentration levels, whereas
diluted standard mixtures used as calibration solutions were
Table 1
Analyte structures and other relevant data of the studied compounds.
ACE ASP CYC NHDC NEO SAC SUC
Structurea
CAS N"a 55589-62-3 22839-47-0 139-05-9 20702-77-6 165450-17-9 81-07-2 56038-13-2
Formulaea C4H4KNO4S C14H18N2O5 C6H12NO3SNa C26H36O15 C20H30N2O5 C7H5NO3S C12H19Cl3O8
Molecular weighta 201.24 294.30 201.22 612.58 378.46 183.18 397.63
pKaa ~2 3.71 8.66c 6.85 3.68 1.60 12.52
log Kowa 0.31 0.542 2.63 0.205 3.834 0.910 0.229
Water solubility (g L1)b 270 10 1000 0.4e0.5 12.6 4 110
E-N" E-950 E-951 E-952 E-959 E-961 E-954 E-955
Maximum usable dose (mg L1)d 350 600 250 30 20 80e 300
a Data from SciFinder Scholar Database (Calculated using Advanced Chemistry Development (ACD/Labs) Software VII. 02 (©1994e2011 ACD/Labs)): http://www.cas.org/
products/sfacad/.
b Experimental values, from database of physicochemical properties. Syracuse Research Corporation: http://www.syrres.com/esc/physdemo.htm.
c Protonated form.
d Maximum usable dose (MUD) authorized in EU legislation for use in non-alcoholic drinks. European Commission, Directive 94/35, 1994; European Commission, Directive
96/83, 1997; European Commission, Directive 2003/115, 2004; European Commission, Directive 2006/52, 2006 and European Commission, Directive 2009/163, 2009).
e
‘Gaseosa’: non-alcoholic water based drink with added carbon dioxide, sweeteners and ﬂavourings, 100 mg L1.
Table 2














ACE 6.38 161.9 > 82 45 20 161.9 > 78 40
SAC 11.82 181.9 > 42 70 48 181.9 > 106 26
CYC 13.96 177.9 > 79.9 85 36 177.9 > 81 28
SUC-d6 17.62 400.95 > 364.9 85 18 400.95 > 35.1 34
SUC 17.71 395 > 358.8 80 16 397 > 361 16
ASP 19.72 293 > 261 80 14 293 > 200 20
NHDC 23.12 611.2 > 303 130 50 611.2 > 125 56
NEO 27.28 377.2 > 199.9 90 24 377.2 > 345 18
tr e Retention time; CE e Collision energy.
R.A. Lorenzo et al. / Food Control 47 (2015) 43e5244
prepared in a methanol-water (8:92, v/v) mixture. All solutions
were refrigerated at 20 "C and protected against daylight when
not in use.
Acetonitrile (ACN) and methanol (MeOH) (gradient-grade,
Lichrosolv), acetic acid (analysis-grade, 99.8%), hydrochloric acid
(analysis-grade, 37%) and potassium dihydrogen phosphate
(KH2PO4) (99.5%) were purchased from Merck (Darmstadt, Ger-
many). Formic acid (85%) was from Sigma Aldrich, triﬂuoroacetic
acid (special quality for synthesis, 99.5%) was from Scharlab (Bar-
celona, Spain), and potassium hydroxide (Pellets, 85%) was ob-
tained from Panreac (Barcelona, Spain). Ultrapure water was
produced in the laboratory by means of a Milli-Q system (Millipore;
Bedford MA, USA). Hydrophobic and hydrophilic PTFE syringe ﬁl-
ters (13 mm, 0.22 mm) were purchased from Membrane Solutions
(Texas, USA) and 0.2 mm micropore membranes were supplied by
Millipore.
Phosphate buffer solution (1 mmol L1) used in UPLCePDA
analysis was prepared by dissolving 0.136 g of KH2PO4 in ultrapure
water and adjusting to pH 6 with a potassium hydroxide solution
(0.1 mol L1). The mixture was transferred to a 1 L volumetric ﬂask
and the volume made up to the mark with water. Finally, the buffer
solution was ﬁltered through a 0.2 mm micropore membrane.
Fig. 1. UPLCePDA (A) and LCeESIeMS/MS (B) chromatograms for a standard solution of studied artiﬁcial sweeteners, at concentration of 2 mg mL1 (UPLCePDA) and 200 ng mL1
(LCeESIeMS/MS). Inset a detail of wavelength selection for the quantiﬁcation of ACE (230 nm) and NHDC (282 nm) by UPLCePDA. Peak assignment: (ACE) Acesulfame, (SAC)
Saccharin, (ASP) Aspartame, (NHDC) Neohesperidine dihydrochalcone, (NEO) Neotame, (CYC) Cyclamte (SUC) Sucralose.
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2.2. Samples and samples manipulation
Different types of beverages, including soft and powdered
drinks, juices, teas, soy beverages, dairy-based drinks, beers, and
spirit alcoholic drinks, were acquired from local supermarkets. All
samples were directly diluted with MeOHewater (8:92, v/v)
mixture in order to obtain the suitable concentration for quanti-
ﬁcation in the considered linearity range of the methods.
Carbonated beverages were previously degassed in an ultrasonic
water bath (Selecta, Barcelona, Spain) for 5 min at room temper-
ature to remove carbon dioxide gas before diluting. Finally, sample
diluted solutions were ﬁltered through a 0.22 mm ﬁlter, and 5 or
10 mL were injected into the UPLCePDA and LCeMS/MS,
respectively.
2.3. UPLCePDA analysis
Chromatographic separations were performed on a Waters
Acquity UPLC H-Class system, based on a quaternary solvent
module, an autosampler and a column oven, and equipped with a
photodiode array detector. This instrument was controlled by the
Empower 2 software program (Waters, Milford, MA, USA). The
analytical column was a 50 mm # 2.1 mm I.D. Kinetex C18 column
(particle size 1.7 mm) (Phenomenex, Torrance, CA, USA). A Phe-
nomenex C18 guard cartridge for UPLC (2.1 mm I.D.) was used to
protect the analytical column. A binary solvent system made of
ACN and phosphate buffer pH 6 (1 mmol L1) was used to achieve
high throughput at 0.3 mL min1 to reduce the testing time and
solvent usage (Kalyan & Pekamwar, 2012; Sherathia, Prajapati,
Singh, & Jat, 2012). The gradient elution programme was as fol-
lows: initial condition 8% ACN, then a linear ramp to 10% of ACN in
1 min; another linear ramp to 50% ACN in 0.5 min, holding in 50%
ACN for 1.5 min. The column temperature was set at 30 "C.
Detection was performed at selected wavelength to obtain the
better sensitivity. Acesulfame and neohesperidine dihy-
drochalcone were analysed at 230 nm and 282 nm respectively,
whereas the remaining compounds were quantiﬁed at 210 nm.
The characteristic UV absorption spectrum of each compound was
used to conﬁrm the identity of the chromatographic signals. The
separation of the 5 compounds was carried out in 3 min.
2.4. LCeESIeMS/MS analysis
The LC system consisted of an API 4000™ (AB SCIEX, Fra-
mingham, MA, USA) operating at a ﬂow rate of 0.7 mL min1. The
solvents were degassed using an Agilent 1200 system. The column
was maintained in a thermostated compartment at 30 "C. Sepa-
ration was performed on a ZORBAX ECLIPSE C8 column
(4.6 # 150 mm, 5 mm) (Agilent, Wilmington, DE, USA) with a C18
security guard cartridge Agilent (4.6 # 12.5 mm, 5 mm). Injection
(10 mL) was performed using an autosampler (Agilent 1200). The
mobile phase was as follows: H2O e 20 mmol L
1 ammonium
acetate (A) and Methanol e 20 mmol.L1 ammonium acetate (B).
The gradient conditions were as follows: 0e5 min constant 90% A;
5e30 min, from 90 to 0% A; 30e31 min, from 0 to 90% A;
31e35 min constant 90% A. The MS/MS system consisted of a
triple quadrupole (API 4000™) equipped with an electrospray
ionization interface (ESI) operating in negative ion mode. The
capillary potential was 4000 V. The nebulizer (60 psi) and the
drying gas (19 psi) nitrogen (provided by a high-purity generator,
N2eFLO-3 Teknokroma, Sant Cugat del Valles, Barcelona, Spain)
were heated at 650 and 200 "C, respectively. Compounds were
recorded in the multiple reaction monitoring (MRM) mode using
two transitions per compound and a dwell time of 0.1505 s per
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the second one (MRM2) for conﬁrmation of the response of each
specie in standards and samples, as shown in Table 2.
3. Results and discussion
3.1. Optimization of chromatographic separation
The most common mobile phases used for the analysis of
sweeteners are based on ACN or MeOH as organic phase (Lange
et al., 2012; Zygler et al., 2009) and buffers as phosphate
(Demiralay et al., 2006; Dossi et al., 2006; George et al. 2010), for-
miate (Wasik et al., 2007) or ammonium acetate (Buerge, Buser,
Kahle, Müller, & Poiger, 2009). In a ﬁrst approach, a method
based on UPLCePDA was evaluated. Different mobile phases were
considered in order to improve compounds separation, the sensi-
tivity and to minimize analysis time. Preliminary experiments were
performed using ACN with and without the addition of mobile-
phase additives. Triﬂuoroacetic acid (0.1%, pH 2), formic acid
(0.05%, pH 2.9), acetic acid (0.05%, pH 3.4) and phosphate buffer
(1 mmol L1 and 5 mmol L1 and pH values of 3, 4, 6 and 7) were
tested as additives. The best separation and peak shapes were
achieved using a mixture of ACN as solvent A and phosphate buffer
pH 6 (1 mmol L1) as solvent B. The satisfactory resolution was
obtained when the gradient programme was: 8e10% ACN for
0e1 min, 10e50% ACN for 1e1.5 min, and 50% ACN maintained for
1.5e3 min. To reduce the analysis time, ﬂow-rate was evaluated
between 0.2 and 0.6 mL min1. At 0.3 mL min1 there was good
chromatographic separation of aspartame, neohesperidine dihy-
drochalcone, neotame, potassium acesulfame and saccharin in
3 min analysis time (Fig. 1A). All studied compounds showed
similar responses at four tested temperatures of 30, 40, 45 and
50 "C (results not shown). Working at high temperatures may result
in shorter column lifetimes, and then the temperature was main-
tained at 30 "C. To achieve the analysis of aspartame, neo-
hesperidine dihydrochalcone, neotame, potassium acesulfame,
saccharin, sodium cyclamate and sucralose, a second approach
based on LCeESIeMS/MS was performed. We beneﬁt from the
characteristics of the mass spectrometric detection for the un-
equivocal identiﬁcation and quantiﬁcation of the seven target
sweeteners. A LC coupled to a triple quadrupole mass spectrometer
with an ESI source that operated in negative mode was used
(Scheurer et al., 2009; Zygler et al., 2011). LCeESIeMS/MS param-
eters were evaluated by injecting each compound at 10 mg mL1
individually in ﬂow injection analysis. The Zorbax Eclipse C8 col-
umn provided excellent retention and separation of all investigated
sweeteners. Two MRM transitions shown in Table 2 were selected
for each analyte for their quantiﬁcation and conﬁrmation. The
optimized cone voltage and collision energy for each MRM transi-
tion are shown in Table 2. The composition of mobile phase by
LCeESIeMS/MS was chosen according to previously developed
procedures of our group that successfully used for the analysis of
pesticides in foodstuff (Carro, García-Rodriguez, Gonzalez-Siso, &
Lorenzo, 2012; Lorenzo, Pais, Racamonde, García-Rodríguez &
Carro, 2012) and as described in the literature for artiﬁcial sweet-
eners (Buerge et al., 2009; Scheurer et al., 2009). The ﬁnal mobile
phase selected as water/methanol, both with 20 mmol L1
ammonium acetate buffer performed at a ﬂow rate of 0.7 mL min1.
The gradient was as follows: 0e5 min 90% A; 5e30 min, from 90 to
0% A. Complete resolution of all analytes was obtained within the
total run time of 28 min (Fig. 1B).
3.2. Performance of analytical procedures
The quality parameters of both methods were validated in terms
of linearity, precision, recoveries and quantiﬁcation limits (LOQs).
Calibration curves were prepared using a beverage sample (an
isotonic sport drink), which did not contain detectable levels of
target analytes. For the linearity study, aliquots of this sample were
spiked with artiﬁcial sweeteners at ten different concentration
levels in order to have a wide range of concentrations higher than
four orders of magnitude. Each calibration level was injected in
triplicate. In LCeESIeMS/MS, artiﬁcial sweeteners were quantiﬁed
by matrix matched calibration using as internal standard sucralose-
d6 at 0.2 mg mL1 Table 3 summarizes the performance data of
UPLC-PDA and LCeESIeMS/MS methodologies for target species
using the optimized conditions. Both UPLC-PDA and LCeESIeMS/
MS exhibited good linearity (determination coefﬁcient, R2 > 0.999
values) in the respective studied calibration ranges. Procedural
blanks corresponding to beverage sample which did not contain
the target compounds were analysed. Furthermore, the LOQs of the
method were estimated from the lowest level of calibration curves
obtained for a blank sample (an isotonic sport drink) based on a
signal-to-noise ratio of 10:1. Quantiﬁcation limits between 10 and
100 ng mL1 for UPLCePDA, and 0.05 and 5 ng mL1 for
LCeESIeMS/MS, were far below the regulatory limits for all com-
pounds considered (European Commision,1994; 1997; 2004; 2006;
2009). It should be mentioned that sucralose and cyclamate do not
absorb in UV range and consequently these compounds were only
determined by LCeESIeMS/MS. Precision was assessed by series of
nine independent experiments carried out on different days, with
spiked drink samples at the concentrations 0.1 mg mL1 and
1 mg mL1 using UPLCePDA. For LCeESIeMS/MS, eight replicates
on different days at 10 ng mL1 and 200 ng mL1 were carried out
(Table 3). Relative standard deviations (%RSD) were obtained with
values ranging from 1.0 to 3.2% and from 2.4 to 9.8% for UPLCePDA
and LCeESIeMS/MS, respectively. The recovery values were also
investigated on samples spiked at two concentration levels and
nine or eight replicate experiments, as shown in Table 3. Recoveries
ranged from 95.2% to 108.4% with RSDs below 8%, and 90.0%e
114.6% with RSDs below 9.3% for UPLCePDA and LCeESIeMS/MS,
respectively. These results indicate that both methods are suitable
for application to the determination of sweeteners in industrial
beverages.
Matrix effect was investigated in different beverage samples by
standard additions. The corresponding slopes obtained with the
different samples were compared to those with standard solutions
for UPLCePDA by means of ANOVA. No matrix effects are reported
because no signiﬁcant differences were found (p > 0.05) between
the compared slopes (p ¼ 0.9912). Therefore, the developed
methodology can be applied for the determination of the ﬁve target
analytes in sweetened beverage samples using simply direct
external standard calibration. The ionization suppression of ana-
lytes is a major source of imprecision for analysis using
LCeESIeMS/MS (Caban, Migowska, Stepnowski, Kwiatkowski, &
Kumirska, 2012). Matrix matched calibration curves were con-
structed using analyte/surrogate peak area ratio versus concen-
tration of analyte to correct this effect.
Compared to other recently published analytical methods for
the determination of artiﬁcial sweeteners in different beverage
samples (Table 4), the proposed UPLCePDA method exhibits similar
recovery values and provides an excellent precision level (%RSD
<3.2%) for the analysis of aspartame, neohesperidine dihy-
drochalcone, neotame, potassium acesulfame and saccharin.
Moreover, the optimized UPLC method exhibits LOQs similar or
even better than those obtained by LCeMS (Ferrer & Thurman,
2010; Huvaere, Vandevijvere, Hasni, Vinkx, & Van Loco, 2012;
Yang & Chen, 2009; Zygler et al., 2011), HPLCeDAD (Demiralay
et al., 2006; Dossi et al., 2006) and HPLCeELSD (Wasik et al.,
2007). The seven target sweeteners including sodium cyclamate
and sucralose were determined by LCeESIeMS/MS. It should be
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stressed that lower LOQs were obtained by the proposed LCeMS/
MS method. This method involved the use of sophisticated
instrumentation but one objective in our study was the possibility
of developing also a procedure that can be applied in laboratories
equipped with modest LC instrumentation. UPLCePDA method is
proposed as an alternative despite being suitable only for ﬁve
sweeteners. Additionally, the use of UPLC involves advantages such
as the reduction of analysis time (3 min) and solvent consumption,
as well as signiﬁcant improvements in speed, sensitivity and res-
olution compared with conventional HPLC. On the other hand,
simple and fast sample preparation, consisting on dilution and
ﬁltration of beverages, is required (Ferrer & Thurman, 2010;
Huvaere et al., 2012; Leth, Jensen, Fagt, & Andersen, 2008), while
SPE involves multistep process such as activation of cartridges and
additional process, increasing the overall sample treatment time
(Zygler, Wasik, Kot-Wasik, & Namiesnik, 2012; Zygler et al., 2009).
3.3. Occurrence of sweeteners in beverage samples
The applicability of the proposed method was tested for artiﬁcial
sweeteners in 66 beverage products available on the Spanish
market from national and international industries. These beverages
were categorized into 8 groups, namely energy drinks (10 brands),
soft drinks (21), juices (12), dairy-based drinks (5), soy drinks (3),
teas (6), beers (8) and spirit alcoholic drinks (1). The samples were
analysed by UPLCePDA and veriﬁed by LCeESIeMS/MS in tripli-
cate. Supplementary Material, Table 1 shows the concentrations of
artiﬁcial sweeteners found in the analysed beverage samples. 49
positive samples were found (74%) containing one or more artiﬁcial
sweeteners (Supplementary Material Fig. 1A); namely, 26% prod-
ucts did not have detectable amounts of any artiﬁcial sweeteners
tested (7 beers, 1 energy drink, 1 dairy-based drink, 3 soy drink and
5 juices, including a grape must). Supplementary Material, Fig. 1B
shows the occurrence of sweeteners in the analyzed samples.
Acesulfame was found in 26 samples (39%), sucralose in 24 samples
(36%), cyclamate in 21 samples (32%), aspartame in 17 samples
(26%), and saccharin in 13 samples (20%). Neohesperidine dihy-
drochalcone, a less commonly used artiﬁcial sweetener in bever-
ages, was only found in 2 samples (3%). Neotame was not detected
in the studied products. The distribution of the target compounds
in the categorized beverages is shown in Fig. 2. Acesulfame was
abundantly used in non-alcoholic drinks, despite its unpleasant
bitter aftertaste, for this reason, it often appears in combination
with aspartame and cyclamate (Huvaere et al., 2012). Concentra-
tions of sweeteners in positive samples (Supplementary Material,
Table 1) conﬁrmed that cyclamate, having the weakest sweet-
ening power, is used at the highest concentration (Huvaere et al.,
2012). The combinations formed by acesulfameeaspartame and
acesulfameesucralose also appear in some beverage groups in
agreement to the literature (Huvaere et al., 2012). Sweetener blends
have become popular in the production of foods and beverages,
making use of the beneﬁts of multiple sweeteners, as synergistic
taste enhancement and sweetness proﬁle modiﬁcations offer ad-
vantages over the use of single sweeteners (Ha, Ha, Choi, & Bae,
2013a, 2013b; Huvaere et al., 2012; Zygler et al., 2012; Zygler
et al., 2009).
Artiﬁcial sweeteners found in the analysed samples were
checked against the labels, since artiﬁcial sweeteners should be
properly labelled by their speciﬁc names according to the Euro-
pean Union Regulations (labelling, presentation and advertising)
(European Commision, Directive 2000/13, 2000). Qualitative
analysis of the samples was in good agreement with the speci-
ﬁcations on the labels, except for a juice product (apple, kiwi,
orange and lime). In this particular case, the speciﬁcations on the
label that indicated acesulfame and aspartame differed from
those detected (cyclamate and saccharin). This sample was ob-
tained from advertising campaign for a ﬁnancial institution and
probably the result of inconsistent labelling was due to a lack of
rigour in the quality control carried out regarding the other
commercial beverages. Similar situation was reported for a beer
sample from Belgium (Huvaere et al., 2012). The concentration
range of the categorized samples is shown in Fig. 3. Acesulfame,
aspartame, neohesperidine dihydrochalcone and sucralose were
below the maximum allowed concentrations in all tested sam-
ples. However, 19 products exceeded in any sweetener the
permitted maximum usable dose in the European Union (see
Table 1 and Supplementary Material). The content in cyclamate of
non-alcoholic drinks exceeded the maximum permitted level
(250 mg L1) in 14 products. It should be noted that current
CODEX Alimentarius sets 350 mg kg1(CODEX Alimentarius,
2013). Probably, the beverage industries continue using this
legislation value. Furthermore, the maximum usable dose of
400 mg L1 was accepted in European Union until 2003
(European Commision, Directive 2003/115, 2004) whereas the
maximum value remain 650 mg kg1 in China (Report GB 2760-
2011, 2011, p. 39) and 350 mg kg1 in Australia (PROPOSAL P287,
2007). Comparing our results with those reported for beverages
in other countries is difﬁcult due to differences in legislation and
that use of cyclamate is restricted in Denmark (Leth et al., 2008)
and banned in USA (GRAS, 2013b). The highest mean concen-
tration in cyclamate-positive samples was found in the spirit
alcoholic drink (691 ± 34 mg L1), although this was observed
only for one product. This product contains a signiﬁcant excess of
cyclamate compared to the established level in European Direc-
tive 2003/115/EC. Saccharin was also found at concentration
slightly higher than the level permitted (80 mg mL1) in 5 prod-
ucts. Two of those 5 products corresponded to soda (“gaseosa”,
non-alcoholic water based drink with added carbon dioxide,
sweeteners and ﬂavourings) that exceeded the legal limit for
Fig. 2. Spacial distribution of the artiﬁcial sweeteners found in categorized beverage
samples.
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saccharin in this category (100 mg mL1). Fig. 4 shows the chro-
matogram obtained for Energy drink 1 product, from Table 1 of
Supplementary Material, using the optimized LCeESIeMS/MS
method. The identity of the found analytes (acesulfame,
saccharin, cyclamate and aspartame) was conﬁrmed by identi-
fying the transitions MRM1 and MRM2.
The results of this research indicate that beverages can be an
important source of the sweeteners in human diet. The imple-
mented techniques may be suitable to assess the daily intakes of
sweeteners based on beverage consumption data. Furthermore, if
coupled with an adequate sample concentration technique, the
analytical methods developed may be applied to determine the
occurrence of these food additives traces in the aquatic
environment.
4. Conclusions
UPLCePDA and LCeESIeMS/MS methods were optimized and
validated for quantitative analysis of artiﬁcial sweeteners in bev-
erages. A minimal sample preparation consisting on a simple
dilution and ﬁltration was required before analysis. UPLCePDA
exhibited many advantages such as good resolution, high sensi-
tivity, short analysis time and low solvent consumption, and
consequently reduced analysis cost. LCeESIeMS/MS method
allowed the unequivocal determination of all the target compounds
in the same run and conﬁrmed the results obtained by UPLCePDA.
Quantiﬁcation limits achieved allowed the application of the pro-
cedure below the levels imposed by existing regulations. The good
precision and recoveries of the method permitted the monitoring
Fig. 3. Concentration range (mg mL1) of each sweetener in categorized beverage samples.
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of artiﬁcial sweeteners. Moreover, the applicability of the proce-
dure was veriﬁed by considering different beverage products clas-
siﬁed as juices, energy drinks, soft drinks, dairy-based drinks, soy
drinks, teas, beers and spirit alcoholic drinks. In summary, this
methodology is suitable for the accurate quality control of artiﬁcial
sweeteners for routine monitoring in food safety.
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Dispersive liquid  liquid  micro  extraction
Gas  chromatography–mass  spectrometry
a  b  s  t r  a  c  t
A  simple  solvent-less  procedure for  the determination  of  seventeen pesticides  and related  compounds in
environmental  water and wastewater using dispersive liquid–liquid microextraction  (DLLME)  coupled
with  gas chromatography–mass  spectrometry  in  tandem (GC–MS/MS) with  large-volume injection, hav-
ing  a programmed  temperature vaporizer  (PTV-LVI), is  described. The  parameters affecting the extraction
efficiency  of the target analytes from  water samples  were  systematically  investigated.  A  response sur-
face Doehlert  design was used.  The best extraction  conditions involved  a rapid injection of a  mixture
of 1.9 mL  of  acetonitrile  (as  a dispersant)  and 178  mL of trichloroethane  (as an extractant) into 10 mL
of water placed in a conical  bottom glass  tube.  After manually shaken  for  3.0 min and centrifugation  at
3600 rpm (5  min), 50  mL  of the  sedimented  phase  was  directly  injected into the  PTV-LVI-GC–MS/MS  sys-
tem. The  limits of quantitation (LOQs)  ranged  from 0.5 to 18  ng  L−1 for  all  pesticides,  except empentrin
(132  ng  L−1). The  relative standard  deviations (RSDs) for the  analytes ranged between  0.8 and 14.6%  for
both  intraday and  interday precision. Accuracy,  expressed  as  the  mean  extraction recovery,  was between
70 and  130%.  Using the  internal  standard  method  and surrogate deuterated standards,  the total  concen-
tration of pesticides  was in the range  from  2.7 to  440 ng L−1 in seawater, river  water and  sewage water.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
Aquaculture is an emergent food production sector with
remarkable expectatives of growth in the coming years [1]. Aqua-
culture is in a constant search for ways and means to improve the
production practices, namely the efficiency of the cultures and the
quality of the products [1]. This activity requires the use of chem-
ical products that may become part of the marine environment,
namely organophosphorus (OPs) carbamates (CARs) and syn-
thetic pyrethroid pesticides (PYRs). Chlorpyrifos ethyl (Lorsban®),
carbaryl (Sevin 80SP®), permethrin (Permanone®), cypermethrin
(BetaMax®, Excis®), deltamethrin (AlphaMax®) are  active ingre-
dients commonly used as veterinary drugs to combat numerous
infestations in farmed fish and crustacean [2–4]. Furthermore, pes-
ticides are introduced directly to the marine environment as the
result of widely agricultural and urban activities, being present
at home in sprays and shampoos [5–7]. Their large volumes of
production and continuous widespread use make some of these
compounds to be persistent substances in the environment [8,9].
∗ Corresponding  authors.  Tel.: +34  881814388;  fax: +34  981 595012.
E-mail  addresses: tuchi.carro@usc.es  (A.M. Carro),
rosaantonia.lorenzo@usc.es  (R.A. Lorenzo).
These compounds cause a variety of neurotoxic and endocrine
disruptor effects. WHO and various national governmental insti-
tutions have established residue limits and published guidelines
for quantification of pesticide residues in waters [10]. This increas-
ing public concern prompted us to develop a  simple and reliable
method for determining pesticides in aquatic environments. Sev-
eral multi-residue methodologies based on gas chromatography
(GC) or liquid chromatography (LC) coupled to mass spectrom-
etry (MS) detectors have been described to determine different
types of pesticides in environmental waters [11–14]. The extraction
from aqueous samples is commonly performed using liquid–liquid
extraction (LLE) [15,16] and solid-phase extraction (SPE) [17,18].
Development of dispersive liquid–liquid microextraction (DLLME)
has greatly contributed to the miniaturization, the simplification
and the automation of the whole analytical procedure, especially
enabling the speed up of sample treatment, which is  currently
the bottleneck of analysis [19–21]. DLLME has been success-
fully applied to the determination of various pollutants such as
organophosphorus [20,22–24], organochlorine [20,25,26], carba-
mate [20,27,28] and pyrethroid [20,29–31] pesticides in various
environmental waters. However, it is desirable to extend the
DLLME technique to the simultaneous extraction of several pes-
ticide families and to more complex matrices such as seawater and
wastewater.
0021-9673/$  –  see front  matter ©  2012 Elsevier B.V. All rights reserved.
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The aim of the present work was to employ DLLME coupled
with PTV-LVI-GC–MS/MS for quantification of fifteen multiresidue
pesticides of different families and two related compounds, a
preservative (2-phenylphenol) and a synergist (piperonyl butox-
ide) in samples of riverwater, wastewater and seawater. To the best
of our knowledge, this is the first time that DLLME is combined with
PTV-LVI-GC–MS/MS. Although the two related analytes included
in  the study are not pesticides in fact, they were also considered
because of their concomitant presence with typical pesticides [32].
The influence of operational parameters of the DLLME, such as  types
of extractant and dispersant, type of shaking, pH and ionic strength,
on the extraction efficiency of these analytes, was systematically
investigated. Time of shaking, volume of dispersant and extractant
were also evaluated with a response surface Doehlert design [33].
The performance of the method was elucidated, and its suitability
for the determination of trace levels of analytes in various water
samples was demonstrated.
2. Experimental
2.1. Reagents and materials
Pestanal® quality analytical standards of 2-phenylphenol,
propoxur, carbaryl, chlorpyrifos-methyl, chlorpyrifos-ethyl, piper-
onyl butoxide, empenthrin, bioallethrin, resmethrin, tetramethrin,
l-cyhalotrhin, permethrin, cyfluthrin, a-cypermethrin, flucythri-
nate and fenvalerate were from Riedel-de-Haën (Seelze, Germany).
Pestanal® quality deltamethrin was from Chem Service Inc. (West
Chester, PA, USA). Internal standards (diethyl-D10)-chlorpyrifos
and (phenoxi-13C6)-cis-permethrin were from Cambridge Isotope
Laboratories (Cambridge, UK). Ultra pure water was obtained using
a Milli-Q® purification system (Millipore, Spain). Dichloromethane
and acetone pestinorm grade solvent were from VWR-Prolabo
(Mollet del Vallés, Barcelona, Spain). Acetonitrile, chloroform
and methanol were from Merk (Darmstadt, Germany). Trace
analysis grade carbon tetrachloride, ethylene tetrachloride, 1,1,1-
trichloroethane, and chlorobenzene were from Sigma Aldrich
(Milwaukee, WI, USA).
Individual standard stock solutions of 5  mg mL−1 were pre-
pared in acetone. A stock mixture solution of all target analytes at
100 mg  mL−1 was obtained by appropriate dilution of the individ-
ual standard solutions in  acetone. Working solutions were prepared
by convenient dilution of the stock mixture solution in acetone. All
solutions were stored in amber-colored vials at −20 ◦C until use.
Glass tubes (12 mL volume) with a  conical bottom and a  screw
cap, furnished with a polytetrafluoroethylene (PTFE)-lined septum,
were from Afora (Barcelona, Spain).
Abbreviations of pesticides: 2-Phenylphenol (2-PP);
Chlorpyrifos-methyl (CLP-M); Chlorpyrifos-ethyl (CLP-E);
Carbaryl (CARB); Bioallethrin (BIOAL); Tetramethrin (TETRA);
Cyhalothrin (CYHAL); Permethrin (PERM); Cypermethrin (CYPER);
Deltamethrin (DELTA); Resmethrin Flucythrinate (FLUCY); Piper-
onyl butoxide (PBO); Cyfluthrin (CYFLU); Empenthrin (EMPEN);
Fenvalerate (FENVA); Propoxur (PROP).
2.2. Samples
Seawater samples were collected near to a  shellfishing area and
in the influent and in the efluent of a water treatment plant (WTP)
of a cannery, at the coast of Galicia (NW Spain). Wastewater sam-
ples were taken from the influent and the effluent of two urban
sewages collected at the WTP of Galicia (Spain). Besides river water
samples were obtained from urban and rural collection sites in Gali-
cia. Samples were collected in 250-mL amber-colored glass bottles
previously rinsed with sample water, and transported immediately
to the laboratory. Then, they were passed through cellulose acetate
membranes (0.45 mm pore size; Millipore, Billerica, MA, USA) and
stored at 4 ◦C in the dark, until the analysis. The water samples
were spiked with different amounts of working standard solutions
in order to prepare the samples used for the different studies.
2.3. Extraction procedure
Aliquots of 10 mL water were placed in a 15 mL screw capped
glass tube with a conical bottom. Under optimized conditions, the
binary extraction mixture consisting in 1.9 mL of acetonitrile (as a
disperser) containing 178 mL of trichloroethane (as extraction sol-
vent) was rapidly injected into the water sample. The tubes were
closed, shaken manually for 3 min. The formed emulsion contained
fine droplets of the extraction solvent dispersed in the aqueous
phase. The cloudy solution was then separated applying centrifuga-
tion (3600 rpm, 5 min) and the sedimented phase (around 100 mL)
was collected and an aliquot (50 mL) was injected in the GC–MS
system. Optimization of DLLME conditions was performed with
ultrapure water spiked with standard solutions containing the tar-
get analytes at  50 ng mL−1.
2.4. PTV-LVI-GC–MS/MS analysis
Analyses were performed using a Varian 450GC gas chro-
matograph (Walnut Creek, CA, USA) coupled to an ion-trap mass
spectrometer Varian 240MS operating in external configuration,
and equipped with a  Varian CP-8400 autosampler. A Varian Fac-
tor Four VF-5MS capillary column (30 m × 0.25 mm, 0.25 mm film
thickness) was used for the separation. Initial oven temperature
was set at 70 ◦C and held for 3.5 min; ramped at 25 ◦C min−1 up
to 180 ◦C and held for 3 min; and finally ramped at 10 ◦C min−1
up to 300 ◦C  and held for 5  min. Helium (purity 99.999%, Carburos
Metálicos, A  Corun˜a, Spain) was employed as carrier gas with a
constant flow of 1.0 mL min−1.  This instrument is equipped with a
1079 PTV injector and a  cryogenic CO2 cooling. The PTV-LVI mode
parameters were optimized in a previous work [34]. PTV injections
were performed in four steps: injection, solvent evaporation, ana-
lyte transfer, and cleaning. In the injection step, the split valve was
open at 20 mL min−1,  and 50 mL of sample were introduced into
a Siltek deactivated liner with frit (Restek, Bellafonte, PA, USA) at
70 ◦C. During the evaporation step, the temperature was raised to
85 ◦C at a rate of 30 ◦C min−1 for 30 s in order to eliminate the
solvent, which was vented through the split valve at a flow of
36 mL min−1.  In  the transfer step the split valve was closed and the
temperature increased to  300 ◦C  at a  rate of 75 ◦C min−1 in split-
less mode for 3  min. Finally, the injector was kept at 300 ◦C with a
purge flow of 50 mL min−1 until the end of the run for cleaning pur-
poses. The mass spectrometer was operated in EI mode at 70 eV. The
temperatures of ion source, trap, manifold, and transfer line were
maintained at 150, 150, 40 and 285 ◦C, respectively. Analyses were
performed with a filament-multiplier delay of 6.5 min. General
parameters were as follows: multiplier offset, +200 V; AGC target
value, 5000 counts; damping gas flow, 2.5 mL min−1 and emission
current, 90 mA. Specific conditions for each analyte were previously
described [32]. A parent ion was chosen for each compound by tak-
ing the m/z and relative abundance of parent ions as high as possible
in order to increase sensitivity. Good quality secondary spectra for
every compound were obtained selecting a non-resonant wave-
form. The optimization of the excitation amplitude voltage for each
pesticide was achieved using the automated method development
option included in the MS/MS software toolkit (Varian MS Work-
station ver. 6.91, Varian 2008). This value was considered optimum
when the secondary spectra showed multiple and intense prod-
uct ions, while the parent ion intensity remained around 10%. The
excitation amplitude ranged between 38 V  to bioallethrin and 99 V
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Fig.  1. Normalized  areas  of the  chromatography  peaks  of the target  analytes  when trichloroethane,  carbon  tetrachloride,  chloroform, and  tetrachloroethylene were  used  as
extractant  solvents (a)  when  acetone,  acetonitrile  or methanol  were  used  as disperser  solvents  (b) in  the presence of trichloroethane  as extractant solvent (n =  2  replicates).
Concentration  of mixture  standard  solution:  50 ng  mL−1;  volume  of  water samples: 10 mL;  volume  of extractant:  100  mL;  volume  of  dispersive  solvent:  1  mL;  extraction  time:
1  min;  1.5 g  of sodium  chloride added.
for chlorpyrifos-methyl, while the excitation storage level ranged
between 41.9 m/z for propoxur and 123.5 m/z for (diethyl-D10)-
chlorpyrifos.
Quantification was accomplished by relative areas versus
(phenoxi-13C6)-cis-permethrin used as internal standard (IS) for
PYR while (diethyl-D10)-chlorpyrifos was used as  IS for the remain-
ing analytes.
3. Results and discussion
3.1. Optimization of DLLME
Optimized extraction conditions and high extraction efficiency
was accomplished by means of the evaluation of several factors
including the type of extraction and dispersion solvents, ionic
strength, type of shaking, and pH [19]. The effects of the volume
of extractant and dispersant and the extraction time were studied
through an adequate experimental design. The extraction efficiency
of the proposed DLLME method was characterized by the product
of volume of the sedimented phase and peak area.
3.1.1. Effect of the extraction solvent
The extraction solvent should have a high density, a  low solubil-
ity in water, good chromatographic behavior and a high extraction
capability for the target compounds [21]. Six commonly used
extraction solvents: carbon tetrachloride, tetrachloroethylene,
trichloroethane, chloroform, dichloromethane and chlorobenzene
[19,21,35,36] were investigated, by mixing spiked artificial seawa-
ter (10 mL of ultrapure water containing 1.5 g  of sodium chloride)
with 100 mL of each extraction solvent and 1 mL  of acetonitrile
as disperser in order to achieve the appropriate amount for the
sedimented phase at the bottom of conical tube. The choice of
solvent was based on extraction efficiency. Chlorobenzene and
dichloromethane did not lead to droplet formation. If the extrac-
tion solvent is miscible with the dispersant +  water medium, no
droplets will be formed. That is clearly the case of dichloromethane
(solubility in water 1.6%) in the conditions of our study. Also
chlorobenzene has a  solubility around 1% in acetonitrile:water 1:10
weight ratio medium. As shown Fig. 1a, trichloroethane, followed
by carbon tetrachloride, tetrachloroethylene and chloroform, pro-
vided the highest extraction efficiency. Polarity of these solvents
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is similar and the results obtained are in agreement with those
obtained in the extraction of seven fungicides from wine [37]. Then,
trichloroethane was selected for subsequent experiments.
3.1.2. Effect of the disperser solvent
To enable the formation of a cloudy state when the organic
extraction solvent is  injected into the water sample, the disper-
sant should be well-miscible with the organic extraction solvent
and the aqueous sample. Three commonly used dispersers, namely
methanol, acetone and acetonitrile [19,21,35,36], were introduced
not only as dispersers but also as demulsifiers to break up the
O/W emulsions [20,28]. The effect of these solvents was investi-
gated by mixing 1.9 mL of each dispersant with 100 mL of carbon
trichloroethane, and then rapidly injecting them into 10 mL of arti-
ficial sea water sample (spiked with 50 ng mL−1). Fig. 1b shows
the best results achieved when acetonitrile was used as the dis-
perser for the most of the seventeen analytes, which is explained
by the higher solubility for the target analytes. Acetonitrile was
non-optimal disperser for empenthrin, bioallethrin and tetram-
ethrin. However, acetonitrile was chosen as compromise solution
for subsequent experiments.
3.1.3. Effect of the ionic strength and pH
The addition of sodium chloride to water samples has been
used to improve the extraction efficiency [21,38]. Preliminary tests
were performed starting from Milli-Q water and the influence of
ionic strength on the performance of DLLME was investigated by
adding different amounts of NaCl (0–15%, w/v). The results demon-
strated that the salt had not significant effect on the extraction
recoveries, as observed in other studies [22,25,39–42]. More-
over, the extraction efficiency decreased, especially for pyrethroids
and carbamates, when 15% (w/v) NaCl concentration was used
(data provided in electronic supporting information, file 1a). These
results can be explained by: (i) the dissolution of NaCl in water
might change the physical properties of the Nernst diffusion film
and reduce the rate of diffusion of the target analytes into the
extraction solvent; and (ii) the addition of salt could also affect the
phase ratio [43]. Therefore, no salt was added in all the subsequent
experiments. The results for seawater (3.5%, w/v) are expected to
be quite close to those obtained for 0% of NaCl, and the method can
be still considered suitable for seawater samples.
The pH of the water sample is  expected to have a  significant
impact on the extraction [21]. Thus, the effect of pH varying from 2.0
to 8.0 was investigated on extraction efficiency. The pH value above
8.0 was not tested since degradation of many pesticides may occur
under this high alkaline condition [28,42,44]. No significant differ-
ence in analytical response was observed when pH varied in  the
tested range (data provided in electronic supporting information,
file 1b), in spite of the pesticides tend to form neutral molecules at
low pH, which may have higher affinity for the non-polar solvent.
These results prompted us to  use the original water samples (pH
6.0) without changing their pH.
3.1.4. Effect of shaking mode
According to  previous studies [21], transfer of analytes from the
sample aqueous phase to the extraction phase is fast due to the
extremely large interfacial area [19,28,30,31].  Equilibrium can be
achieved quickly and consequently extraction times can be very
short. In this work, manual and ultrasonic shaking during 5 min
were evaluated. Compared to  the non-shaken situation and the
ultrasound-mediated shaken, the extraction efficiency was slightly
higher when the manual shaking was chosen. This can be due to the
fact that the mechanical and thermal effects of ultrasound could
result in the volatile loss of analytes and extraction solvent [45].
Centrifugation was a relevant key factor to achieve the separation
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Fig.  2. Response  surfaces of the global  desirability obtained  using  a  Doehlert  design  for  the target analytes,  obtained  for  dispersive solvent  volume  versus extraction  solvent
volume  (A),  shaking time  versus  extraction  solvent  volume  (B),  and shaking  time versus  dispersive  solvent  volume  (C).
of the compounds gradually increased as the centrifugation time
increased from 0 to 5  min. Centrifugation times beyond 5.0 min
did not lead to a further increase in the peak areas [30]. There-
fore, 5 min at 3600 rpm was selected as an adequate centrifugation
time to achieve the phase separation and to obtain good extraction
efficiency [30,31,44,46].
3.1.5. DLLME optimization using an experimental design
Once the optima dispersive and extraction solvents, the ionic
strength, the pH and the shaking mode were found, the effect of
disperser, the extraction solvent volumes and the manual shaking
time were also evaluated. DLLME efficiency was examined for the
target analytes according to a response surface Doehlert design,
choosing as factors the dispersive solvent (0.5, 0.8, 1, 1.3, 1.6, 1.8,
2.1 mL), extraction solvent (60, 95, 130, 165, 200 mL) volumes and
the time of manual shaking (1, 3, 5 min) [33]. The design involved 16
experiments randomly performed to provide protection against the
effects of lurking variables, including four replicates at the central
point of the experimental domain. The response, namely extraction
efficiency, calculated as the mathematical product of the peak area
Table  4
Mean recoveries  of  multiclass pesticides  in water  samples. Six  replicate  analyses  at  0.5  and 10  mg L−1spiking  level.
Compound  River water  (Recovery  ±  SD,  %)  Sewage  water  (Recovery ±  SD, %)  Seawater
(Recovery  ± SD,  %)
0.5  mg  L−1 10 mg  L−1 0.5  mg  L−1 10 mg  L−1 0.5  mg L−1
2-Phenylphenol  85 ± 4  99  ± 2 90  ± 3 102  ± 4  129  ±  7
Chlorpyrifos-methyl  98 ± 8  116  ± 12  95  ± 8 124  ± 5  104  ±  4
Chlorpyrifos-ethyl  101 ± 7  100  ± 3 108 ± 2 126  ± 3  100  ±  8
Carbaryl  112 ± 7  101 ± 4 103 ± 13  98  ± 8  127  ±  2
Bioallethrin  107 ± 6  101 ± 3 71  ± 1 107  ± 6  102  ±  4
Tetramethrin  114 ± 6  101 ± 3 86  ± 4 118  ± 1  91  ±  5
Cyhalothrin  118 ± 7  91  ± 3 73  ± 8 105  ± 4  97  ±  8
Permethrin  101 ± 6  101 ± 5 102 ± 12  120  ± 2  93  ±  6
Cypermethrin 92  ± 6  100  ± 5 74  ± 5 96  ± 5  91  ±  6
Deltamethrin  112 ± 6  100  ± 5 96  ± 4 104  ± 4  128  ±  3
Resmetrhin  99 ± 13  98  ± 14  91  ± 6 90  ± 11  101  ±  4
Flucythrinate  97 ± 6  100  ± 4 103 ± 13  70  ± 10  101  ±  5
Piperonyl  butoxide 110 ± 7  100  ± 4 95  ± 2 97  ± 4  109  ±  7
Cyfluthrin 105  ± 7  101 ± 8 95  ± 8 102  ± 5  104  ±  3
Empentrhin  93 ± 2  115  ± 14  103 ± 2 102  ± 10  65  ±  3
Fenvalerate  82 ± 10 104 ± 7 92  ± 9 115  ± 6  103  ±  9
Propoxur 108  ± 10 109 ± 8 80  ± 7 93  ± 10  102  ±  3
SD:  standard  deviation.
by the volume of the sedimented phase [47], was fitted by a  multiple
regression equation (1), including curvature and interaction terms:









where, xi is the coded value of the factors studied and y  is the
response function obtained for each analyte. The b  values are the
estimated polynomial coefficients: b0 is the intercept term, the
bi coefficients represent the main effect for each variable, the bij
coefficients in the quadratic terms are responsible for the curva-
ture effects, and the bij(i  /=  j) coefficients describe the interaction
effects. The results obtained were evaluated using NemrodW®
software [48]. The ANOVA of the quadratic regression model
indicated a  high significance (p < 0.05–0.01) for twelve of the
compounds. The regression was not statistically significant for 4
pyrethroids (cyfluthrin, empentrin, flucythrinate, and permethrin)
and for PBO. The coefficients of the model for each response are
shown in Table 1. The main effect of the three factors, b1: extrac-
tion solvent volume, b2: disperser volume and b3:  shaking time,
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were statistically significant for propoxur, a-cypermethrin and
cyhalothrin. The main effect of two factors was statistically sig-
nificant for seven compounds: b1 and b2 for 2-phenylphenol, b1
and b3 to tetramethrin, bioallethrin and chlorpyrifos-ethyl, and
b2 and b3 for resmethrin, deltamethrin and fenvalerate. The main
effect of a single factor was statistically significant for carbaryl (b2),
chlorpyrifos-methyl (b1) and cyfluthrin (b3). The effects of some of
the quadratic terms of the model were also statistically significant
for eight compounds: 2-phenylphenol, bioallethrin, chlorpyrifos-
ethyl, chlorpyrifos-methyl, cyfluthrin, propoxur, a-cypermethrin
and tetramethrin. In the most cases, negative quadratic coeffi-
cients of the variables indicated an antagonistic effect between
them. Similarly, the effects of the interactions between two factors
were statistically significant in some cases: 2-phenylphenol and
chlorpyrifos-ethyl (b12), bioallethrin, tetramethrin, cypermethrin,
and propoxur-a (b12 and b23),  resmethrin (b12 and b13)  cyhalothrin
(b13), PBO (b23). The application of surface response methodol-
ogy (SRM) revealed an increase of the DLLME efficiency when
medium-to-high levels of the three factors were used. At a low
volume of acetonitrile, a  cloudy state was not completely devel-
oped, thus giving a low recovery; at a  higher volume of acetonitrile,
the solubility of the analytes in water was increased, leading to a
decreased extraction efficiency because of a  decrease of the distri-
bution coefficient. The equilibrium state can be achieved relatively
quickly in DLLME and, consequently, the extraction time required
is not long. To find the best-compromise conditions, a multicriteria
optimization approach based on desirability functions was applied
without additional experimentation [33]. Two-dimensional plots
of the isodesirability are shown in Fig. 2. The regions in gray corre-
spond to null values for desirability when the factors levels are not
suitable to be chosen. Optimal compromise conditions resulted in
178 mL of trichloroethane (extraction solvent), 1.9 mL of acetoni-
trile (dispersion solvent) and manual shaking for 3 min.
3.2. Method validation
The linearity of the DLLME–PTV-LVI-GC–MS/MS method was
evaluated using a  series of samples at concentration levels of 0.1,
0.4, 0.8, 4, 8, 40 mg L−1. The determination coefficients (r2) ranging
from 0.9989 to 0.9993 indicated an excellent linearity for all species.
The precision of the method (n = 6) was evaluated by measuring six
replicate samples in one day (intra-day precision) and in three con-
secutive days (inter-day precision), expressed as  relative standard
deviation (%RSD) by treating seawater samples at  two addition lev-
els of 0.5 mg L−1 and 10 mg L−1.  The method showed good intra-day
and inter-day precision with RSD values between 2.0–11.0% and
2.0–12.9% at 0.5 mg L−1,  respectively and between 2.2–8.6% and
0.8–14.6% at 10 mg L−1,  respectively. Two-way ANOVA was used
to evaluate differences between precision of two factors: concen-
tration level (0.5 and 10 mg L−1)  and precision type (intra-day and
inter-day). The F-test in the ANOVA table and the p-values (0.3465
and 0.070) higher than 0.05, shown that these factors did not have
statistically significant effect on precision at the 95% confidence
level.
The analytical characteristics of the optimized DLLME method
in terms of limit of detection (LOD) and quantification (LOQ),
precision, enrichment factor and linear range were calculated to
gain an insight into the efficiency and the feasibility of application
of the method for the analysis of seawater, river water and sewage
water samples, as summarized in Table 2. LOD and LOQ were
experimentally estimated from the analysis of real samples as the
concentration of analyte giving a signal-to noise ratio of 3 and 10,
respectively. Two ions (except only one for carbary, permetrhrin
and deltametrhin) were used to estimate LODs, as is described
in a previous work [34]. The LOD for each compound ranged
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Fig.  3.  Selected  ion chromatograms  (PTV-LVI-GC–MS/MS)  and mass  spectra  of WTP  3  influent  extract containing piperonyl  butoxide  (A),  of aquaculture  seawater  1  extract
containing  carbaryl (B), of rural  river  water extract  containing  bioallethrin  (C)  and of cannery  WTP 2 extract containing cypermethrin  (D) in  measured concentrations  of 120,
440,  210  and  108  ng  L−1 , respectively.  Chromatograms from a  residues-free  water sample  are shown in  each  case  as dash  lines. Selected ion  chromatogram  of  a  standard
solution  spiked with 50  mg  L−1 of  target  analytes (E).
The LOQs, calculated as ten times of the signal-to-noise ratio,
ranged for all target analytes from 0.3 to 26.4 ng L−1 except for
empenthrin that was 151 ng L−1.  Theses LOQs are lower than the
maximum contaminant level (MCL) permitted in the UE for indi-
vidual pesticide (0.1 mg L−1) and for total pesticides (0.5 mg L−1)
in water [49]. Furthermore, the values reported in Table 2 were
similar or even better than those obtained for other applications of
DLLME [22,27,29–31,39,46,50].  The LOQ chromatograms obtained
in seawater are provided in electronic supporting information
(file 2). Table 3 shows details of the chromatographic methods
published regarding related DLLME applications.
The evaluation of the DLLME efficiency was accomplished by
means of the enrichment factor (EF) and the extraction recovery
(%R). EF is defined as the ratio between the concentration of analyte
in the sediment phase (Csed) and the initial concentration of analyte
(Ci) in  the sample [31,38,50].








where, Vsed and Vi are the volume of the sediment phase and the
initially aqueous samples, respectively. Csed was calculated from
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the direct injection of the standard solutions with concentrations
in the range of 0.5–10 mg L−1.
The extraction efficiency (the peak area × the volume of the sed-
imented phase) is inversely proportional to EF. Under the optimal
extraction conditions, EF for the analytes was in the 46–72 range.
Drop volumes greater than 50 mL, required to  apply the PTV-LVI-
GC–MS/MS method, are most likely the reason to obtain relatively
low EF values. The combination of the proposed sample prepara-
tion approach (DLLME) with a sensitive and selective determination
technique, e.g. PTV-LVI-GC–MS/MS, provided detection and quan-
tification limits very low and good selectivity. These facts proved
that the enrichment method is robust.
Residues-free samples were used as blanks for matrix-matched
standard calibrations. The internal standard (IS) method involved
the use of deuterated analogues as  surrogate standards. Recover-
ies were evaluated in water samples such as seawater, river water
and sewage water, after fortification at concentration of 0.5 mg L−1
and 10 mg L−1, to test accuracy of the DLLME–PTV-LVI-GC–MS/MS
method. The recoveries, calculated in  sextuplicate, of the seventeen
target analytes in the real samples at the different concentration
levels are summarized in Table 4. The recovery was 102 ± 7% for
all compounds except fenvalerate (82%) and cyhalothrin (118%)
for river water; 98 ± 13% for all compounds except flucythri-
nate (70%) and chlorpyrifos-ethyl (126%) for sewage water; and
103 ± 11% for all compounds except empentrhin (65%) and 2-
phenylphenol (129%) for seawater. These results demonstrate
that the DLLME can be applied as a simple, rapid and low cost
method for the simultaneous determination of multiclass pesticide
traces in environmental water samples with suitable accuracy and
precision.
3.3. Application of the method
The optimized methodology was applied to the determination
of the target pesticides in seawater, river water and wastewater
(WTP) samples in triplicate using the matrix-matched standard
and IS calibration curves. The results for each set of experiments
are summarized in Table 5.  No signals for cyfluthrin, empenthrin,
fenvalerate and propoxur were observed in any tested matrix.
Chlorpyrifos-ethyl and carbaryl were the most ubiquitous analytes
detected in real samples. The maximum concentrations of several
analytes were higher than the MCL (0.1 mg L−1)  of the individual
pesticides [49]. The highest concentration levels corresponded to
carbaryl in seawater samples related to  aquaculture, with con-
centrations up to 400 ng L−1, and to bioallethrin and resmethrin
in rural river water and influent WTP 3 sample. 2-Phenylphenol,
cypermethrin and piperonyl butoxide were also found in WTP
samples in concentrations up to 100 ng L−1.  Seven of the inves-
tigated compounds were detected in river water samples, with
concentrations up to 200 ng L−1 for bioallethrin. Traces of six
pesticides were quantified in the WTP samples. Deltamethrin
was detected and quantified in only one seawater sample from
a shellfishing area. Average concentration of total pesticides
found in the cannery WTP2 was 517 ng L−1, which is higher
than the MCL (0.5 mg L−1) for total pesticides. Concentrations of
chlorpyrifos-ethyl, carbaryl and bioallethrin in effluent WTP 3
samples were slightly higher than in inffluent WTP 3 samples.
Nevertheless, it is important to note that although the concen-
trations for total pesticides (435 ng L−1)  are lower than the MCL
(0.5 mg L−1) [49], the individual concentrations may still repre-
sent a risk due to due to the partial effectiveness of the WTP
operation.
The chromatograms obtained for different water samples
(WTP1 inffluent, aquaculture seawater 1, rural river water and can-
nery WTP2) working in  the optimal conditions described are shown
in Fig. 3. Chromatograms from a residues-free water sample are also
shown for comparison.
4. Conclusions
A new DLLME combined with PTV-LVI-GC–MS/MS method was
developed for determination of trace levels of multiclass pesticide
residues in water. Extraction parameters were optimized applying
an experimental design. The extractant and dispersant solvent vol-
umes are the variables with the highest influence on the efficiency
extraction. Remarkable advantages of the developed method can be
highlighted: (i) very simple and quick sample pretreatment, which
not required pH adjustment or salt addition, (ii) high efficiency with
enrichment factors and LOQs in the low nanogram per liter range,
and (iii) DLLME can be used as a clean-up procedure, to change the
solvent or to reverse the polarity of the solvent. Moreover, DLLME
allows to carry out a derivatization reaction simultaneously with
the extraction process. The method present recoveries appropriate
for the pesticide residue analysis and, when applied to real sam-
ples, revealed the presence of eleven target pesticides in seawater
at areas of aquaculture production, and nine of them in river and
wastewater. The proposed DLLME method contributes to detect
pesticide levels at ng mL−1 levels. Wide application of this method
for monitoring target compounds and their metabolites is  foreseen.
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Research Article
Determination of chemotherapeutic agents
in fish and shellfish by matrix solid-phase
dispersion and liquid chromatography-
tandem mass spectrometry
Chemicals are widely used in aquaculture and one of the main recipients of these analytes
is the aquatic environment. The aim of this work was to develop and validate a simple and
sensitive method for the determination of multiclass chemotherapeutic agents in farmed
fish and shellfish using matrix solid-phase dispersion and liquid chromatography-tandem
mass spectrometry. Residues of azamethiphos, three avermectins, two carbamates, and two
benzoylureas were extracted from samples using silica gel as clean-up adsorbent and 0.5%
acetic acid in acetonitrile as elution solvent. The extraction conditions were investigated
and optimized using an experimental design. Mass spectrometry detection was carried out
in positive electrospray ionization mode with multiple-reaction monitoring scan (except for
benzoylurea family). Matrix-matched standards were used for the drugs quantification. Good
linearity (R2 ≥ 0.996) was observed in the range of 5–500 mg kg−1. Limits of detection were in
the range of 1.5–3.7 mg kg−1. Recoveries from salmon samples spiked with veterinary drugs
were in the range 84.9–118%. Precision was satisfactory since relative standard deviations
were lower than 10.6%. The method can be successfully applied for the analysis of fish and
shellfish from aquaculture.
Keywords: Aquaculture / Chemotherapeutants / Experimental design / LC-MS/MS
/ Matrix solid-phase dispersion
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1 Introduction
During the past decade, a significant increase in the quantity
of fish consumed from aquaculture occurred, and this trend
is expected to increase further to meet future demand (ftp:
//ftp.fao.org/docrep/fao/009/a0699e/a0699e.pdf) [1]. Nev-
ertheless, aquatic environments are under the pressure of
direct and indirect pesticide discharges from urban, indus-
trial, and agricultural activities. Furthermore, several classes
of chemotherapeutic agents are widely used to prevent
diseases and pests, such as ectoparasitosis, of farmed fishes.
For example, azamethiphos is an organophosphorus pesti-
cide (OPP) used to treat salmonids for sea lice infestations
(Salmosan R©), diflubenzuron (Lepsidon R©) and teflubenzuron
(Calide R©, Ektobann R©) are benzoylphenyl urea insecticides,
ivermectin (Ivomec R©), doramectin, and abamectin are aver-
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mectin derivatives with potent anthelmintic and insecticidal
properties, and carbaryl (Sevin R© applied to control burrow-
ing thalassinid shrimp and in oyster culture) and propoxur
are two carbamate insecticides (www.scotland.gov.uk/
Publications/2002/08/15170/9423) [2, 3]. Residues of these
compounds, accumulated in the water environment and fish
lipids, can be harmful to human health as well as to other
marine organisms and farmed species [4]. The side effects
include reproductive and developmental toxicity, neurotoxic-
ity, and bioaccumulation [5, 6]. Therefore, in order to ensure
consumer safety, monitoring of chemical residue levels in
farmed fishes is essential, because this kind of food is weekly
consumed in the European Union countries (www.fao.org/
fishery/statistics/global-consumption/en, http://water.epa.
gov/scitech/swguidance/fishshellfishfishadvisories/advisori
es/index.cfm) [7, 8]. The European Commission sets the reg-
ulation to protect consumers from exposure to unacceptable
levels of pesticides residues in food and feed (http://faolex.
fao.org/docs/pdf/eur50711.pdf, www.fao.org/docrep/005/
y7300s/y7300s06a.htm) [9, 10]. A default maximum residue
limit (MRL) of 0.01 mg kg−1 is established in this regulation
for edible products without specific values [9].
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The need to determine the pesticide residues in aquacul-
ture products at trace levels has prompted the development
of sensitive screening methods. Liquid chromatography-
mass spectrometry (LC-MS) [11] and LC-MS/MS meth-
ods [12] have been applied to the analysis of pesticides in
seafood because of its high sensitivity and ability to provide
compound confirmation [13]. Separation of pesticides and
chemotherapeutants from products of animal origin is diffi-
cult owing to the complexity of biological matrices, and par-
ticularly to the presence of fat [13, 14]. Traditional methods,
mainly Soxhlet [15, 16] or solid–liquid extraction [17] for the
extraction of pesticides from fish and shellfish can be replaced
with instrumental techniques [6], such as supercritical fluid
extraction [18], microwave-assisted extraction [19], and pres-
surized liquid extraction [20]. These procedures provide low
solvent consumption and relative short-time extraction, but
the purchase cost of the equipments is high [20]. On the other
hand, it is difficult to identify a general method suitable for a
wide range of analytes because the polarity of the extraction
solvent mixture may not be adequate for all of them [21].
Several approaches have been attempted to eliminate
lipids and co-extracted interference from fatty food extracts,
including solid-phase extraction (SPE), gel permeation chro-
matography and solid-phase microextraction [14,22–24]. The
pesticide extracts may be cleaned up using SPE with single or
combined layers of silica, alumina, carbon cartridges, Florisil,
or diatomaceous earth [22,25–27]. Complex samples, such as
fish or other fatty matrices, very often require a two-step clean-
up which combines different chromatographic techniques in
series [14]. Matrix solid-phase dispersion (MSPD) may be
used as an alternative technique for the simultaneous ex-
traction and purification (fat removal) of lipophilic chemical
substances from biota samples [22, 26]. MSPD combines ex-
traction and cleanup within a single process [28]. The main
advantages of MSPD are the use of mild extraction conditions
with a suitable combination of dispersant sorbent, moderate
consumption of elution solvent, and low cost per extraction
without expensive instrumentation [29].
The purpose of the current study was to develop a sim-
ple and fast method for the determination and monitoring of
occurrence of eight pesticides in fish and shellfish by MSPD
with anhydrous sodium sulphate and C18 as dispersants,
silica as adsorbent, and LC-MS/MS analysis. To the best of
our knowledge, this multiresidue methodology has not been
tested yet in aquaculture species. The parameters that deter-
mine the extraction efficiency and the subsequent quality of
analytical method were optimized and discussed in detail.
The proposed method was validated and applied successfully
to the analysis of these compounds from different aquacul-
ture samples from a local food market.
2 Experimental section
2.1 Reagent and materials
Pestanal quality analytical standards of azamethiphos
(S-[(6-chloro-2-oxo[1,3]oxazolo[4,5-b]pyridin-3(2H)-yl)methyl];
propoxur (phenol, 2-(1-methylethoxy)1-(N-methylcarba-




were purchased from Riedel-de-Hae¨n (Seelze, Germany).
Pestanal quality abamectin; doramectin and ivermectin were
purchased from Sigma-Aldrich (Madrid, Spain).
Individual standard stock solutions of 5000 mg mL−1 were
prepared in methanol (MeOH). A stock mixture solution of all
the studied compounds at a concentration of 100 mg mL−1 was
obtained by appropriate dilution of individual stock solutions
in MeOH. Diluted solutions were prepared from the stock
mixture solution in acetonitrile (ACN). All solutions were
stored in amber-colored vials at −208C.
ACN and methanol (gradient HPLC grade) and silica gel
60 A˚ (0.040–0.063 mm) were from Merck (Darmstadt, Ger-
many). Florisil (60–100 mesh), diatomaceus earth (DE) in
powder form, aluminium oxide activated neutral (150 mesh),
and C18 were from Sigma-Aldrich. Sodium sulfate anhydrous
was from Panreac (Barcelona, Spain). Neutral silica was acti-
vated overnight at 2008C and then cooled to room temperature
in a desiccating chamber. Ultra pure water was obtained us-
ing a Milli-Q R© water purification system (Millipore, Billerica,
MA, USA). Syringe filters (Millex GV, 13 mm, and 0.22 mm)
were from Millipore.
2.2 Sample preparation
Culture fish (turbot, panga, and salmon) and shellfish (scal-
lop, clam, mussel, and cockle) were purchased in a local mar-
ket. Prior to analysis, fillet muscle was freeze-dried for 48 h,
homogenized in an electric mill to obtain a fine powder and
stored in sealed vessels until analysis. Under final working
conditions, sample portions (0.2 g) were then weighed, placed
in a glass mortar, and gently blended with 0.5 g of sodium
sulphate anhydrous and 2 g of C18 for 3 min, using a glass
pestle to obtain a homogeneous mixture. This mixture was
transferred to a 6 mL SPE tube with a polypropylene frit at
the bottom, filled (from bottom to top) with 2 g of silica (as
clean-up adsorbent). Another frit was placed on top of the
mixture before compression to form a column packing with
the help of a modified syringe plunger. A total of 0.5% acetic
acid in ACN was used to elute the column by gravity flow. The
eluent was collected in a graduated conical tube (18 mL) and
evaporated to ca. 0.5 mL under a gentle stream of nitrogen
in a Turvo Vap II concentrator (Zymark, Hopkinton, MA,
USA). Finally, the extract was adjusted to 1 mL with ACN
and filtered by means of a syringe filter with a pore size of
0.22 mm before LC injection.
2.3 LC-MS/MS analysis
A Varian (Walnut Creek, CA, USA) liquid chromatograph
equipped with two isocratic, high-pressure mixing pumps
(Varian 410 Prostar), an autosampler, and a thermostated
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column compartment was used. The MS/MS system con-
sisted of a U-shaped triple quadrupole (Varian MS 1200 L)
equipped with an electrospray ionization interface (ESI).
The LC-MS/MS instrument was entirely controlled by the
Varian MS Workstation Version 6.9 software. Separations
were carried out using a Hypersil ODS (100 mm × 3.2 mm
i.d., 3 mm particle size) analytical column with a C18 security
guard cartridge Phenomenex (4.0 × 2.0 mm). Eluent flow
rate was set at 0.4 mL min−1 and the column was kept at
308C. The mobile phase was as follows: 5 mM ammonium
acetate in ACN (A) and 5 mM ammonium acetate in wa-
ter (B). The gradient conditions were as follows: 0–14 min,
from 50 to 100% A; 14–20 min, constant 100% A; 20–22 min,
back to 50% A; 22–25 min constant 50% A. The injection
volume was 10 mL. The ESI interface was operated simul-
taneously in both positive (PI) and negative (NI) ion modes
according to the preferential ionization of each analyte and
the voltage of the ESI needle fixed at 5000 V. The optimized
ESI conditions were established to furnish average maximum
intensity of the precursor ions. The temperature of the ESI
housing was set at 508C. Argon (99.999%) was employed as
collision gas (2.2 mTorr) in the mass spectrometer. The ni-
trogen nebulizer pressure was 50 psi and the nitrogen drying
gas temperature (2008C,19 psi) in the ESI source was pro-
vided by a high-purity generator (Domnick Hunter, Durham,
UK). The capillary potential was 5000 V/−4500 V (PI/NI).
For MS/MS, high-purity nitrogen (99.999%) was used as
collision gas. To optimize the multiple-reaction monitoring
transitions, each individual pesticide at a concentration of
10 mg mL−1 in ACN was injected directly. Two transitions
Table 1. Conditions for mass spectrometry in multiple-reaction monitoring mode
Retention Structure Ionization Fragmentor Precursor Product Capillary Collision
time (min) mode potential (V) ion ions voltage/V energy/eV
Azamethiphos 2.208 ESI+ 40.0 325 183a); 139 40 11.0; 18.5
Propoxur 2.438 ESI+ 30.0 210 111a); 153 30 10.5; 5.0
Carbaryl 2.611 ESI+ 30.0 202 145a); 127 30 6.0; 24.5
Diflubenzuron 4.913 ESI− 36.0 309 289a); 156 −36 8.0; 10.0
Teflubenzuron 8.078 ESI− 30.0 379 339a); 359 −30 10.0; 6.0
Abamectin 11.877 ESI+ 32.0 891 305a); 567 32 19.0; 12.0
Doramectin 13.374 ESI+ 36.0 916.5 331a); 593 36 21.0; 10.0
Ivermectin 15.158 ESI+ 36.0 893 307a); 569 36 21.0: 12.5
a) Quantifier transition.
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were monitored per compound and a dwell time of 0.2 s per
transition. The optimum conditions are summarized in Ta-
ble 1. Compounds were confirmed by their retention times
and the most abundant transition ion was used as quantifier
and other transition used as qualifier.
3 Results and discussion
3.1 Optimization of LC-MS/MS
The optimization of MS parameters (cone voltage and col-
lision energy) was performed by direct infusion of 2 mL of
standard solution (5 mg mL−1) of each compound with 100 mL
of 2% formic acid added. A flow rate of 0.05 mL·min−1 of
a mobile phase, MeOH/water (50:50) was used. Thus, the
adsorption of standards to the glass walls of the vial and the
possible formation of stable adducts with sodium ions, which
are difficult to fragment, are avoided.
The ESI in positive mode (compounds ionized by adding
a proton) was selected as ionization technique due to its sen-
sitivity, ruggedness, and easy handling and maintenance for
all analytes, except for benzoylurea family, whose separation
and determination were studied in negative mode (losing a
proton), obtaining the best specificity and sensitivity. [30].
The ionization was optimized by a serial of preliminary ex-
periments, testing different modifiers, such as acetic acid
and ammonium acetate at various concentrations, in a binary
gradient mobile phase comprising ACN and water. Finally,
the addition of 5 mM ammonium acetate gave the best sen-
sitivity [31]. Capillary voltages and collision energies were
optimized in order to maximize the intensity for the pre-
cursor ion for each compound, and to identify a minimum
of two transitions in the MS/MS spectra. The most intense
transition was used for quantification and the second for con-
firmation for mass spectrometric detection. Full-scan spec-
tra were acquired in order to select the most abundant m/z
value, optimizing the cone voltage. Besides, the sensitivity
of the mass spectrometer was further improved using the
scheduled multiple-reaction monitoring mode (Table 1).
3.2 Optimization of the MSPD conditions
For efficient isolation of the eight analytes from fish or shell-
fish matrixes and evaluation of the analytical potential of dif-
ferent adsorbents, a series of experiments were designed to
optimize several relevant conditions affecting the extraction
efficiency, including the type and amount of clean-up adsor-
bents, the percentage acetic acid in the elution solvent, and
the volume of eluent.
The choice of solvents was based on solubility of the drugs
in order to increase recoveries. Based on the literature data,
ACN, several acetic acid/ACN mixtures [11, 32, 33], and a
hexane/ethyl acetate mixture (60:40) [34] were tested as ex-
traction solvents to extract the target compounds from the
spiked (0.5 mg g−1) salmon samples (0.2 g). To reduce the
Figure 1. MSPD recovery of target pesticides under different sol-
vent elution conditions.
presence of fish co-extractives, 0.5 g of sodium sulfate an-
hydrous as dispersant and 2 g of Florisil as adsorbent were
used in the MSPD procedure. Large amounts of lipids were
extracted when hexane/ethyl acetate mixture was used and
hence the extracts were not injected in the chromatographic
system. The polarity of ACN is higher and thus it is a poor
solvent of lipids, allowing good recoveries of the compounds
studied. As shown in Fig. 1, the avermectins family was bet-
ter extracted when acetic acid was added to ACN [11, 32, 33].
The acidification of the extraction medium could prevent the
pH-dependent degradation and improve the stability of prob-
lematic pesticides [35,36]. Good normalized recovery results,
between 75.6 and 97.9%, were obtained for all analytes with
1% acetic acid in ACN. In the case of ivermectin, the recov-
ery was lower. Therefore, ACN with 1% acetic acid was the
solvent selected for the simultaneous extraction of the target
chemical agents from aquaculture samples.
To determine the suitability of the adsorbents, recovery
studies were conducted by spiking blank samples with the
standard mixture and then blending with 3 or 4 g of each
adsorbent. Sodium sulfate anhydrous (0.5 g) was used in
the extraction procedure to avoid the moisture presence in
the samples [37]. C18 (2 g) was used as dispersant [13, 38].
MSPD experiments were performed to investigate different
adsorbents commonly used as fat retainer: silica gel, neutral
alumina, Florisil + C18, and DE [13, 27, 39]. A certain ma-
trix effect was observed during LC-MS/MS analysis of such
extracts due to the high lipid content (results included as
Electronic File 1 in Supporting Information). Three grams of
silica gave better recovery (93.5%) than those obtained with
2 g of Florisil combined with 1 g of C18 (78.7%) and with 3 g of
DE (60.8%). Excessively, high values were achieved when 4 g
of alumina were used (125%). In this case, a low effectiveness
on removing matrix interferences, especially lipids, could be
the reason of this behavior [27]. It should be noticed that due
to the good lipid removal efficiency of the MSPD using silica
as adsorbent, no additional clean-up step was required.
The effect of the solvent elution volume (7, 10, 14, 18,
and 21 mL), the percentage of acetic acid in ACN (0, 0.2,
0.5, 0.8, and 1%), and the amount of silica used as adsorbent
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(1, 2, 3, 4, and 5 g) in the MSPD procedure were evaluated
using a response surface central composite design [40]. The
experimental design involves 16 experiments (including two
center points) randomly performed. Nemrod R©W software
package [41] was used for the generation of the matrix of
experiments and to evaluate the effect of each factor on the
efficiency of the extraction. All experiments were carried out
with blank controlled salmon samples spiked at 0.1 mg g−1.
The estimates of the coefficients for the second-order models
of the percent recovery of each analyte (response function)
were calculated by the least squares linear regression and
these models were analyzed and validated by ANOVA. The
application of response surface methodology revealed that
the relative importance of factor effects was not the same for
the different drugs. Moreover, the principal factors presented
both positive and negative effects. The extraction was favored
by medium–high values of amount of silica, except for do-
ramectin. For azamethiphos, higher responses were obtained
when the percentage of acetic acid in ACN and the solvent elu-
tion volume were at their lower level. For doramectin, higher
responses were obtained when these factors were at their
higher level. However, for carbamates and teflubenzuron,
high levels of percentage of acetic acid in ACN and low lev-
els of solvent elution volume provide good MSPD recoveries.
Ivermectin, abamectin, and diflubenzuron extraction was fa-
vored by medium–high levels of percentage of acetic acid
in ACN and high levels of solvent elution volume. Search-
ing for the best conditions for the simultaneous extraction
of target analytes, multicriteria decision-making strategies
using desirability function optimization were applied with-
out additional experimentation by means of the Nemrod R©W
2000 software [40]. The responses were transformed using a
dimensionless desirability (di) scale, which ranged between
d = 0 for a completely undesirable response and d = 1 for a
fully desired response. The global desirability (D) that com-
bines the individual desirability (d) of all the response vari-
ables into a single measure was maximized. Figure 2 shows
the isoresponse curves with maximum desirability founded at
high values for the volume of extraction solvent (Fig. 2A) and
at medium values for percentage of acetic acid in ACN and
amount of silica (Fig. 2B). In the optimal zone, D was 0.957.
Regions in gray correspond to null values of desirability when
the levels of the factors are not suitable. Optimal numerical
conditions resulted in 18 mL of ACN, 0.5% of acetic acid in
ACN, and 2 g of silica.
3.3 Method validation
Matrix effect was also evaluated during the validation of the
method, since signal suppression or enhancement as a result
of matrix effect can severely compromise quantitative analy-
sis at trace levels, as well as it can greatly affect the method
reproducibility and accuracy [42, 43]. The matrix effect was
studied by comparison of the slopes of the calibration curves
in solvent and in the obtained extract after MSPD procedure.
If the first slope is less then the second one gives a positive
matrix effect, and the signal enhancement occurs. Otherwise,
negative values are indicative of signal suppression. Depend-
ing on the value of the percentage of the difference, different
matrix effects could be observed. Both the solvent and matrix
calibration curves showed good linearity with determination
coefficients higher than 0.999 for solvent calibration curves
and 0.996 for matrix-matched ones. Matrix effects were con-
sidered as relevant when the deviation of the matrix calibra-
tion slope was higher than 10% from the solvent calibration
slope. Several compounds presented relevant matrix effect
in salmon samples (Table 2). Azamethiphos and carbamate
drugs showed strong matrix effect and signal enhancement,
while avermectins had medium matrix effect and signal sup-
pression. The only drug that did not show matrix effect was
diflubenzuron. Among the eight drugs evaluated, strong ma-
trix effects, higher than 20%, were obtained for four of them.
The highest matrix effect was observed in ESI+ for propoxur,
which showed a signal enhancement above 90%.
Linearity was evaluated using matrix-matched standards
in the wide range of 5–500 mg kg−1. Good linearity was found
for all drugs, with coefficients of determination higher than
0.996 (Table 2). The limits of detection (LODs) and quantifica-
tion (LOQs) of the method were calculated as the minimum
Figure 2. Global desirability response
surface plot using a central compos-
ite design. The arrow shows the region
corresponding to optimal conditions.
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Table 2. Validation data for the MSPD-LC-MS/MS method
Compound R2 Matrix effect LOD LOQ Intraday precision MRL (mg kg−1) Reference
(%RSD)a) (n= 6)
mg kg−1
Azamethiphos 0.9988 66.7 1.5 5.0 4.4 100 EC 508/1999
Propoxur 0.9991 97.0 1.5 5.0 4.8 10 EC 396/2005
Carbaryl 0.9992 57.6 2.3 4.8 2.2 250 US e-CFR/2012
Diflubenzuron 0.9988 5.8 1.5 4.7 4.9 1000 EC 2593/1999
Teflubenzuron 0.9991 18.1 1.5 4.7 5.8 500 EC 804/1999
Abamectin 0.9987 −11.3 1.7 5.6 3.8 20 EC 37/2010
Doramectin 0.9993 −15.5 2 5.9 3.7 10 EC 396/2005
Ivermectin 0.998 −24.7 2.5 6.5 6.3 10 EC 396/2005
a) Concentration added 50 mg kg−1.
amount of target analyte that produced a chromatogram peak
with a signal-to-noise ratio of 3 and 10, respectively, and are
shown in Table 2. The LOQs ranged from 4.7 mg kg−1 to
6.5 mg kg−1 and the LODs were in the range of 1.5–2.5 mg
kg−1. The LODs obtained are lower than the MRLs.
The repeatability of the method was evaluated by mea-
suring six replicate samples in the same day by spiking
0.2 g blank salmon with appropriate volumes of the com-
posite working standard solution to furnish a concentra-
tion in the final extract of 50 mg kg−1. Relative standard
deviations (%RSD) of 2.2–6.3 were obtained for peak areas
(Table 2).
To evaluate the accuracy of the method, recovery was
studied by spiking 0.2 g blank cockle, mussel, turbot, panga,
clam, scallop, and two salmon samples (matrices with differ-
ent lipid content) with appropriate volumes of the composite
working standard solution to furnish a concentration in the
final extract of 25 mg kg−1; except for carbaryl and ivermectin,
for which the concentration was 50 mg kg−1. Recovery and
precision of the method were investigated by analysis of four
replicate samples as described above. The results, listed in Ta-
ble 3, show that the mean recovery of the eight analytes from
blank samples is satisfactory. Average recovery for all com-
pounds was 103.4% (95.5–114.2% interval) for scallop; 96.8%
Table 3. Evaluation of recovery and interday precision at spiked level of 25 mg kg−1 in several aquaculture samples for each analyte (n = 4)
% Recovery a)
Scallop Mussel Turbot Panga Clam Cockle Salmon 1 Salmon 2
Azamethiphos 102.4 (5.9) 90.3 (0.4) 97.7 (1.1) 91.5 (3.2) 92.4 (3.6) 86.4 (2.0) 83.8 (1.0) 85.6 (3.5)
Propoxur 103.3 (3.8) 85.6 (1.6) 104.0 (3.0) 95.8 (4.1) 110.8 (1.4) 115.9 (0.1) 88.5 (3.2) 96.3 (3.7)
Carbaryl 104.2 (0.5) 109.2 (3.2) 92.2 (1.6) 115.5 (3.3) 108.3 (4.0) 100.9 (2.1) 100.9 (2.1) 110.9 (4.4)
Diflubenzuron 102.2 (2.3) 104.4 (3.89 109.4 (3.6) 114.2 (3.4) 116.2 (1.7) 109.7 (6.0) 94.2 (2.0) 97.2 (2.4)
Teflubenzuron 95.5 (3.7) 90.7 (5.2) 101.5 (4.0) 102.8 (10.6) 103.6 (4.0) 114.9 (3.6) 118.0 (1.8) 112.5 (0.1)
Abamectin 114.2 (3.3) 111.1 (5.3) 112.0 (2.7) 97.5 (6.6) 101.7 (7.0) 95. 6 (3.4) 86.0 (3.6) 92.9 (4.8)
Doramectin 105.6 (10.6) 91.9 (1.49 95.9 (4.0) 107.1 (6.2) 87.0 (4.7) 114.6 (3.7) 86.5 (5.7) 111.2 (7.7)
Ivermectin 102.5 (2.6) 94.2 (1.0) 90.2 (3.6) 110.5 (1.6) 84.9 (4.7) 98.7 (2.1) 95.5 (3.6) 101.1 (3.6)
a) %RSD values are given in brackets.
Table 4. Amounts (mg kg−1) of the pesticides in real aquaculture samples (n = 4)
Concentration (mg kg−1 ± SD)
Scallop Turbot Panga Clam Salmon 1 Salmon 2
Carbaryl nd nd nd nd nd 5.4± 0.7
Teflubenzuron nd 6.9± 0.6 nd nd nd nd
Abamectin 7.1± 0.8 nd nd nd nd nd
Doramectin 18.3± 1.8 nd 26.0± 1.3 nd 32.3± 2.2 nd
Ivermectin nd nd nd 16.2± 0.7 nd nd
nd, not detected.
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Figure 3. LC–ESI-MS/MS selected
ion chromatograms of an MSPD ex-
tract from salmon 2, containing car-
baryl (202 > 145) in measured con-
centration of 5.4 mg kg−1 (A) from
turbot, containing teflubenzuron (379
> 339) in measured concentration of
6.9 mg kg−1 (B) and a salmon sam-
ple spiked with 50 mg kg−1 of target
analytes (C). For each detected an-
alyte, the multiple-reaction monitor-
ing transitions are shown. Total ion
chromatogram (TIC) of salmon sam-
ple fortified at 50 mg kg−1 (D).
(85.6–111.1% interval) for mussel; 100.1% (90.2–112.0% in-
terval) for turbot; 104.6% (91.5–115.5% interval) for panga;
100.6% (84.9–116.2% interval) for clam; 105.7% (86.4–
115.9% interval) for cockle; 91.9% (83.8–118.0% interval) for
salmon 1; and 101.6% (85.6–112.5% interval) for salmon 2.
Reproducibility, expressed as %RSD, was used as an index of
the precision of the method. Samples in quadruplicate (with
the concentration indicated above) were analyzed and RSD
was calculated for each compound (Table 3). The method
showed to be precise, with RSD values ranging from 0.1 to
10.6% for all the compounds studied.
3.4 Application of the method to the analysis of
aquaculture products
The applicability of the method for the analysis of the
eight chemical agents in real samples was tested in eight
C© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.jss-journal.com
J. Sep. Sci. 2012, 35, 2866–2874 Liquid Chromatography 2873
aquaculture products (cockle, mussel, turbot, panga, clam,
scallop, and two salmon samples) purchased from a local
food market. The results are listed in Table 4. No pesticide
residues, at concentrations above the detection limit, were
found in cockle and mussel samples. Five of eight com-
pounds were detected at different concentrations in four
fishes and two shellfishes. The other three compounds were
not detected. According to Regulations established by the Eu-
ropean Union and United States to stipulate maximum levels
of pesticide residues in food products, several concentrations





ecfr.gpoaccess.gov/) [9, 44–47]. Figure 3 shows LC-MS/MS
selected ion chromatograms of carbaryl and teflubenzuron
detected in salmon 2 (A) and turbot (B) samples; selected
ion chromatogram (C) and total ion chromatogram (D)
obtained for free-analytes salmon sample spiked with
50 mg kg−1 of target pesticides. In the reported studies
from the literature consulted, samples of animal origin were
mostly analyzed for six main groups of pesticides, namely
organochlorine pesticides, OPPs, carbamates, pyrethroids,
triazines, and avermectins [13, 14]. The sample treatment
and determination of multiresidue pesticides from high-fat
vegetable samples were also discussed [27]. The main class of
pesticides analyzed in fish and shellfish was organochlorine
pesticides, which were detected using GC-MS [22, 48]. Four
avermectin residues in different animal food products, fish
included were simultaneously separated and determined
by ultra-performance liquid chromatography–electrospray
ionization tandem mass spectrometry [13]. Samples were
homogenized, extracted, and de-proteinized by ACN, cleaned
via two-step cleaning procedure using Bond Elut C18 SPE
columns and then alumina-N cartridges. LODs were in the
range 0.05–0.68 mg kg−1 and recoveries were ranged from
62.4 to 104.5%. Hollow fiber liquid-phase microextraction
technique was used as a clean-up procedure for the determi-
nation of OPPs in fish tissue [49]. LODs were in the range
2.2–4.5 mg kg−1 and recoveries were ranged from 71.8 to
95.2%. A lack of data on the analysis of the proposed analytes
in aquaculture samples is obvious and hence the importance
of this work.
4 Conclusions
The developed method allows qualitative and quantitative
analysis of eight chemical agents in farmed fishes and shell-
fishes by MSPD-LC-MS/MS, in a quick and simple manner.
The use of 2 g of silica as adsorbent results in efficient extrac-
tion of the eight analytes tested. MSPD proved to be a tech-
nique suitable for routine extraction of low levels of pesticide
multiresidues in real aquaculture samples. The accuracy, pre-
cision, and selectivity of the proposed method are acceptable
for multiresidue analyses of chemotherapeutic agents and
that the LOQs achieved by the method are in good agreement
with the MRL established by the European Union legislation.
In addition, the method requires only small matrix size and
offers considerable saving in terms of solvent consumption,
cost of materials, matrix manipulation, and analysis time.
Furthermore, an SPE additional step, used for clean up, is not
required. Although many pesticides have been restricted from
use in aquaculture, these compounds are still present in shell-
fish from regions to which the therapeutic substances had not
been supplied. The environmental distribution of commer-
cial chemicals may potentially impact the development, the
growth, and the reproduction of wild aquatic species. Our
future work will focus on assessing the occurrence of other
pesticides belonging to these families in water, sediments, or
seaweeds samples from aquaculture and sea.
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